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Stokes Microvac Pumps 
are known for their low power 
consumption... high mechanical 
and volumetric efficiency. 


Long trouble-free service can be expected from Stokes 
Microvac Pumps, perfected during more than 40 years of practical 
experience in the development of complete vacuum processing systems. 


The four simple moving parts are easily accessible. All parts are 
precision-finished, standard, and interchangeable. Lubrication is fully 
automatic to all friction surfaces. 


The large full-opening exhaust valve of corrosion-resistant Teflon is 
highly sensitive to pressure differential... exhausts air completely at each 
stroke without re-expansion. 


\ An Oil Clarifier and a Devaporizer are available for continuous purification of 
\ lubricating oil when dirt and solvent vapors are present. 


4 4 Stokes Microvac Pcmps, air-cooled in the small sizes and water-cooled 
b 4 in five larger sizes, range in capacity from 15 to 500 cfm. 


Stokes is the only manufacturer of equipment for complete vacuum systems, including 
Microvac mechanical pumps, oil diffusion pumps, McLeod Gages and Valves. 


Consult with Stokes on the application of vacuum to 
vacuum sintering, melting, de- 
gassing, heat treating, inert gas 
purging, vacuum metalliz- 


ing, and to other applica- STOKES MAKES 
tions in which vacuum 
deserves exploration. Plastics Molding Presses, 
industria! Tabletting 
and Powder Metal Presses, 
Pharmaceutical Equipment, 


Vacuum Processing Equipment, 
STOKES | 


Special Machinery 


F.J. STOKES MACHINE COMPANY, 5916 TABOR ROAD, PHILADELPHIA 20 PA. 


| } 
\ Kt \ | 
Send for FREE Stokes as 
‘Other useful conversion. ha 


METALS 


Published to provide a continuing, authori- 


tative, and up-to-date record of tech 
nological, engineering, and economic VOL , NO OCTOBER ) 
progress in all branches of the metals . 
industry by the 
Metals Branch 
American Institute of Mining and COVER 
9 ‘Won Ge cog ae 18 Tin-lead solders and other white metal alloys are cast into 10-Ib bars in this newly 
= a vo designed Castomatic machine. This is the first photograph of the new unit, which was 
ee © e | designed by and installed at Federated Metals Div. of American Smelting & Refining 


i Co., Whiting, Ind 
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in Davy Jones’ locker 


To strengthen voices in the newest 
Key West 
and Havana amplifiers had to be built 
right into the cables themselves. With 


submarine cables between 


the cables, these amplifiers had to be 


laid in heaving and they must 


work for the 


pressure of 5000 feet of water. 


seas. 


years under immense 


For this job. Bell Laboratories engi- 
neers developed a new kind of ampli- 
fier — cable-shaped and flexible, with 


a new kind of water-tight seal. 


To serve far bevond reach of repair, 
thes developed electron tubes and other 
parts, then assembled them in dust- 


free rooms 


The two cables — each has but two 


conductors — simultaneously carry 24 


conversations as well as current to run 


the electron tubes. 


With these deep-sea amplifiers. sub- 
marine cables carry more messages . . . 
another example of how research in 
Bell Telephone Laboratories helps im- 
prove telephone service eac h year w hile 


costs stay low. 


BELL TELEPHONE LABORATORIES 


® Exploring and inventing, devising and perfecting, for 


continued improvements ond economies in telephone service 
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ASSURED SUPPLY FOR 
321 STAINLESS Alloys of Titanium used in making Type 321 


Stainless Steel are produced by TAM from North American 
Ores assuring continuous supply. Economic advantages spotlight 
increasing attention to excellent high temperature properties 
and other outstanding features. Complete technical data on 
request. Write our New York Office. 


*TAM is a registered trademark 


TAM 
PRODUCTS 


Rew'« 


TITANIUM ALLOY MFG. DIVISION 


NATIONAL LEAD COMPANY 
Executive and Sales Offices: 111 BROADWAY, NEW YORK CITY 
General Offices, Works and Research Laboratories: NIAGARA FALLS, WY. 
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NORTH AMERICAN 


rove your 


on the new universal 
arrangement FOUR WINDOW 
X-RAY DIFFRACTION UNIT 


In recent years the applications of X-rays to 
diffraction, and fluorescence and absorption 
analysis, have so increased in number and scope 
that it is apparent that the many additional 
avenues to which these new sciences may be ap- 
plied will not be fully realized for many years 
to come. 

As a result of disclosures made by X-rays as 
an analytical medium, organizations have been 
able to lead their particular fields with better 
and improved products or have been able to 
realize tremendous savings in manufacturing 
processes. A casual insight into the field of syn- 
thesis alone should verify this fact. 


orelcole boratory 


These special forms of X-ray analysis will per- 
mit you to obtain information relative to the 
quality and quantity of basic components or im- 
purities in your final product. They will be of 
inestimable value in determining physical or 
chemical changes in processing. 

Our application laboratory is at your service, 
without obligation, to assist in determining the 
feasibility of utilizing X-ray techniques in your 
manufacturing problems as a medium of de- 
velopment, improvement or discovery. 


xk 


Our biannual diffraction school for basic as 
well as up-to-the-minute information on appli- 
cations of X-ray diffraction, absorption and fluo- 
rescence analysis, spectrometry and electron 
microscopy will be held the week of October 
8-12, 1951. Enroll now or write for information. 


Foremost tn Dray fprrogress since 1896 
NORTH AMERICAN PHILIPS company, inc. 


RESEARCH and CONTROL INSTRUMENTS DIVISION * DEPT. IG-10, 750 S. FULTON AVENUE, MT. VERNON. N. Y 


IN CANADA: Philips Industries Ltd.. 1203 Philips Square, Montreo EXPORT REPRESENTATIVE: Philips Export Corporation, 750 South Fulton Avenue, Mt. Vernon, N. Y. 
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Designed to solve your produc tion problems— 
For smelting and refining operations, so many variables enter 
into each problem that Lectromelt plans your furnace or furnace 


components to meet specific requirements. Electrode controls, 


for example, are designed for the individual installation. Auto- 
matically or manually operated, they make possible finely 


accurate adjustments. 


Built to keep you in production— 
Because theyre built for long, low-cost operation. Rugged construc- 
tion is combined with micro-accurate control. Electrical equipment 
and substations are built to withstand tremendous overloads. 
More than a million and a half kilowatts of installed capacity 
promise that Lectromelt engineers have the answer to your 
smelting problems. Write for our booklet to Pittsburgh 
Lectromelt Corporation, 326 32nd Street. Pittsburgh 30, Penna. 


j 
Write for your free copy of Lectromelt’s booklet, 
“Moore Rapid Lectromelt Furnaces for Smelting 
and Refining Operations.” 


MOORE RAPID 


WHEN YOU MELT... 


e 
Non-metal melti 
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assure uniformly high quality of 


HARBISON-WALKER 


REFRACTORIES 


The uniformly excellent service rendered 
by Harbison-Walker Refractories in a 
large measure is attributable to the 
planned program of scientific research 
development and careful control of proc- 
essing during manufacture. 

In the Harbison-Walker Research Lab- 
oratories, studies are constantly made of 
raw materials, finished products, and 
refractories which have been in service. 
These studies lead to improvements that 
result in longer life and better service 
from the refractories. 

Uniformly high quality of Harbison- 
Walker Refractories is assured by the 
rigidly-maintained system of control test- 
ing. All products are checked at every 
stey of manufacture to make certain that 
they measure up to the highest standards 
in every respect. 

When you use Harbison-Walker Re- 
fractories, you are using the best! 


Top—Precision equipment used in the Horbison-Wolker Research 
laboret s for te contro! studies. 

The lower picture shows several of the many leboretory furnaces in 
which the refractories are tested. 


HARBISON-WALKER LEADING PRODUCTS FOR METALLURGICAL FURNACES 


BASIC REFRACTORY BRANDS 
These nine seporote closses fullfil every 
requirement 
H.W PERIKLASE ° H.W MAGNESITE 
MAGNEX * METALKASE * THERMAG 
H.W CHROME * CHROMEX B * CHROMEX 
FORSTERITE 


SULICA BRICK BRANDS 


STAR VEGA (Super Duty) 


HIGH- ALUMINA BRANDS (Classes Shown) 

H-W CORUNDUM 99% KORUNDAL 90% 

CORALITE 80% ALUSITE 70% 

ALCOR 60% ANCHOR 60% 
DIALITE 50% 


SUPER-DUTY FIRECLAY BRANDS 
DEAN ° BOONE ° KENMORE 
ALAMO ° VARNON 


Harbison- Walker Fireclay Refractories are 
available also in various High, Intermediate 
and Low Duty brands. 

The complete line of Harbison-Walker 
Products also comprises al! classes of Insu- 
lating Refractories, Acid-Proof Brick, Mortar 
Materials (acid, basic and neutral) both hot 
and cold setting, Plastics, Castables, Mono- 
lithic Ramming Materials and Bulk Refractories. 


-Walker Refractories Company 


AND SUBSIDIARIES 
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WORLD'S LARGEST PRODUCER OF REFRACTORIES 
ral Offices ..... Pittsburgh 22, Pennsylvania 


dependable 
hardenability 
in low alloy steels 


For electric furnace steels as well as for open hearth steels, 


Grainal alloys are used successfully to increase hardenability. 


An appreciably larger quantity of Grainal is usually required 
in electric furnace practice because of the higher nitrogen 
content characteristic of steels produced by this method. 
The conversion of the nitrogen content of the steel to an 
ineffective compound, as is done by some of the 

components of Grainal, permits a minimum amount of 
boron to produce the desired effects. 

Grainal alloys are metallurgically balanced so that the larger 
additions required by electric furnace steels can be made 
safely without exceeding the boron limit for hot shortness. 
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e@ Every steel man knows this picture. 
He knows that the open hearth has 
made possible steel’s magnificent con- 
tribution to America’s industrial 
growth...our amazingly high standard 
of living. And he knows that steel pro- 
duction stands as our first line of de- 


fense in today’s troubled world. 


The Inside Stery 


The refractory industry has kept 
pace with steel by producing refracto- 
ries that last longer . . . stand higher 
heats ... are available in adequate 
cuantities. General Refractories is 
proud of its part in this task of serv- 
ing steel. 


Inside this furnace you may find 
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GENERAL REFRACTORIES COMPANY. 


“PHILADERP HEA: 


RITEX C and RITEX A Basic brick, haustive research facilities, modern 
STEELKLAD brick, General's Silica and production methods, skilled personnel. 
Fireclay brick. But throughout the General's 43 mines, 29 plants, 18 sales 
plant you'll find many another Gen- office: and more than 200 distributing 
eral product scientifically designed and agencies are strategically located 
produced to do the particular job at throughout the nation and abroad. 
hand. In short, General offers you a complete 


General offers the steel industry ex- refractories service! 


A Complete 
Refractories Service 
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Products 


New Products 


New Literature 


New Services 


For Further Information or Literature on any Product, Fill in the Coupon and Send to JOURNAL OF METALS 
Students are Requested to Apply Directly to Manufacturers for Bulletins and Information 


1—METALLIZING EQUIPMENT: Designed and built 
for specific production applications by Metallisation, 
Ltd., this fully automatic metallizing equipment is now 
available through the Dix Engineering Co., Inc. One 
of several automatic units in use on varying applica- 
tions is a 2 in. diam scaffold pipe blasted and metallized 
with pure aluminum 0.004 in. thick at a speed of 1200 
ft per hr. More than 40 ft long, the machine is so con- 
trolled that only two men are needed for efficient 
operation. All ferrous and nonferrous metals produced 
in wire form can be applied by metallizing to a wide 
variety of products including all metals, glass, wood, 
paper, ceramics, carbon and many plastic base materials 


2—FUEL-AIR RATION CONTROL: Proper combustion 
in large metallurgical furnaces is dependent upon two 
main factors: Furnace pressure control and fuel-air 
ratio control. Systems presented by Minneapolis- 
Honeywell Regulator Co. cover metered control sys- 
tems for both single and dual-fuel furnaces 


3—TEMPEROMETER: For checking exact temperature 
of molten babbit metal, solder and lead, improved in- 
Strument is announced by W. C. Dillon & Co., Inc. The 
actuating element of the instrument is a_ bimetallic 
coi! in a tube. When the tube is placed di- 
rectly into molten material, heat is transmitted to the 
Sensitive coil. This revolves in proportion to the de- 
gree of heat and a pointer attached to the end of the 
pointer shaft indicates the temperature on a calibrated 
dial. Formerly the instrument was made of ordinary 
Steel tubing with a dic now it is made en- 
tirely of stainless steel 


enclosed 


cast head: 


4—-ENAMELSTRIP: Coil is available in cold rolled 
Steel, electro-galvanized steel and electrolytic § tin 
plat and aluminum in any desired color 
or shade, coating on one or two sides. The flexibility 
and adhesion of the chemically treated enamel coating 
provide unusual advantages in practically every type 
of stamping, molding and drawing. It eliminates the 
need for costly steps normally required for enameling 
or painting after the metal is formed. Enamelstrip Corp 


brass, zinc 


5—EXPLOSION-PROOF MOTOR: A totally-enclosed 
motor for explosion-proof requirements has been de- 
veloped by U. S. Electrical Motors. It is made in 


Journal of Metals October 
29 West 39th St. 


New York 18, N. Y. 
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capacities from 3 to 75 hp. The features include a 
sealed terminal, removable cover, split hub fan, and 
asbestos-protected windings, to mention a few. 


6—DEMINERALIZER: A new demineralizer has been 
announced by the Penfield Mfg. Co. Raw water passes 
threugh the column only once, yet comes out with a 
mineral content of virtually zero. Resistances have 
been reported as high as 20,000,000 ohms per cm 
Models are available in flow rates ranging from a few 
gal per hr to 5000 gph and up 


7J—SOLVENT CLEANER: Magnusol, an emulsifiable 
solvent cleaner which is used for precleaning metal 
objects prior to cleaning before plating can be used 
as an additive to the forming, cutting and stamping 
oils. Magnus Chemical Co., Inc. states that one part 
Magnusol to six parts of oil will be adequate in most 


cases 


8—ELECTROPLATED STEEL WIRES: A new type of 
electroplated copper-on-steel wire which is suitable 
for a wide range of industrial, electrical and communi- 
cations applications has been announced by the Ken- 
more Metals Corp. The copper coating is perfectly 
and permanently bonded to a low, medium, or high 
carbon steel core wire for applications, including plat- 
ing rack springs, radio tube leads, and pigtail leads 
for capacitors and resistors 


9—CONVEYOR: A conveyor designed to overcome most 
installation problems with only three units has straight 
sections, 90° curved sections, and adjustable trestles. It 
is manufactured by Lyons Metal Products, Inc. Rollers 
are spaced on 4-in. centers for maximum bearing sur- 
face and are raised *s in. above the frame to accom- 
modate packages wider than conveyor 


10—TRAVELING HEAD GRINDER: Developed and 
built by Mercury Engineering Corp., series E-20 trav- 
eling head grinder eliminates the expensive and hard- 
to-maintain traverse bed. The grinder runs on self- 
powered precision rollers along rails machined to pre- 
cision tolerances and is equipped with built-in leveling 
devices. Designed for grinding armor plate, it will 
handle edges, angular surfaces, compounds and bevels, 
and machining pads on castings 20 ft or longer 

11I—VAPOR-COOLED TRANSFORMER: A_vapor- 
cooled, vapor-insulated transformer 25 to 33 pct lighter 
than liquid-immersed units of equivalent rating and 
performance is being developed by Westinghouse 
Electric Corp. The cooling method uses heat of vapor- 
ization of liquid fluorocarbons, and the dielectric 
strength of fluorocarbon vapor for insulating 


12—CERAMIC INSULATORS: A series of new ceramic 


materials able to withstand thermal shock of drastic 
temperature drops have been developed by Stupakoff 
Ceramic & Mfg. Co. Tests were conducted in which a 
sample was heated to 2000°F and plunged into liquid 
air, with the cycle repeated 100 times, without ap- 
parent harm. The material, Stupalith, can be formed 
by pressing, extruding, casting and ramming. Machin- 
ing or grinding after firing brings dimensions of parts 
to precise accuracies. Believed stable indefinitely at 
2400°F use, the material can be used for plug and ring 
mirrors, turbine blades, nozzles, electronic in- 
dilatometer tubes, and other applications re- 


gages, 
sulators, 
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quiring controlled low positive or negative thermal 
expansion or resistance to thermal shock. 


13—PHOSPHATE COATING: Anchorite 100 is a new 
phosphate compound for treating metallic parts for 
prepainting, meeting military specifications. Inexpen- 
sive and simple to apply, the parts can be sprayed or 
immersed. Steel, iron, zinc, and cadmium parts can 
be treated. Anchorite 100, made by Octagon Process, 
Inc., will give a long lasting corrosion resistant sur- 
face even if an organic coating is not applied. 


14—TOOL HARDENERS: Two new moderately priced 
compounds for emergency surface hardening of tools 
or parts with an ordinary torch have been announced 
by Eutectic Welding Alloys Corp. “Instant Hardener 
No. 1 will harden steel tools, parts, edges, threads, 
drills, etc. without conventional heating treating. In- 
stant Hardener No. 2, applied like No. 1 compound, is 
strengthened with small hard-facing particles in the 
compound. When heated, these fuse with the parent 
metal giving a combination of hardened and a hard 
overlay.” 


15—DUST MASK: G-S No. 33 dust mask protects 
workers from nuisance dusts. They are washable, com- 
fortable, and, while soft, porous and absorbent, are 
free from irritating lint or yarn. General Scientific 
Equipment Co 


16—TENS-O-TROL: This remote tension, weight, trac- 
tion indicating system, developed by W. C. Dillon & 
Co.. Inc., is electro-mechanical. Movement of cali- 
brated Dynamometer beam is transmitted to the shaft 
of a Selsyn motor, transforming mechanical into elec- 
trical energy. Capacities are in 12 ranges from 0 to 
500 lb up to 0 to 50,000 lb. Two repeater stations may 
be used with each transmitter, with distance between 
repeater stations varied to suit the job. Current is 12 
v, de, supplied from a dry cell 


17—BRIGHT DIP: A safe bright dip for brass, copper, 
bronze, nickel-silver, phosphor bronze, beryllium cop- 
per, and most copper alloys, in accord with military 
specification, has been developed by Rossaul Co. No 
residue is left on the parts after a clear water rinse 
and nonferrous metals are left in a passivated state. 
It is non-fuming, non-toxic, and will not etch. 


Free Literature 


25—VACUUM IMPREGNATION: Booklet is available 
from F. J. Stokes Machine Co. that fully describes and 
illustrates the applications and values of vacuum im- 
pregnation. Specifications of impregnators and storage 
tanks are also included. Special impregnating equip- 
ment is illustrated. 


26—NICKEL AND NICKEL ALLOY PIPE: A new tech- 
nical booklet on the fabrication and design of nickel 
and high nickel alloy pipe and tubing has been issued 
by the development and research div., International 
Nickel Co., Inc. It presents tables on mechanical and 
physical properties, ASME code requirements, recom- 
mended welding procedures and other information. 


27—AIR CYLINDERS: Models of air cylinders, each in 
9 bore diameters are illustrated and described in cata- 
log section 55 published by Rivett Lathe & Grinder, 
Inc. Working drawings and specifications are fur- 
nished for each model and size cylinder. Rivett air 
evlinders are recommended for air pressures of 150 
psi max, and oil pressure of 300 psi max 


28—PRESSURE SNUBBER: Small, compact pressure 
snubber manufactured by Chemiquip Co., is described 
in bulletin. This new snubber gives steady average 
pressure readings, smooths out pressure impulses and 
fluctuations, eliminates pressure gage failure due to 


shock, and removes harmful solids from actuation fluid. 
Bulletin lists complete engineering data on maximum 
pressure ratings for various materials, housing specifi- 
cations, pore sizes and permeability. 


29—ALUMINUM REDUCTION PLANT: A new book- 
let showing how Jones Mills, Ark. plant of Reynolds 
Metals Co. produces aluminum pig by the electrolytic 
reduction process has just been published. Booklet 
explains electric reduction process for producing 
aluminum from alumina. 


30—COPPER CORROSION TABLES: Publication B-36 
available from Anaconda Copper Mining Co. explains 
the chemical and physical nature of corrosion attack 
in its various forms. Included is a tabulation indicat- 
ing the relative corrosion resistance of the principal 
types of copper and copper base alloys when in con- 
tact with 183 different corroding agents. 


31—TESTING MACHINES: Eight-page folder illustrat- 
ing current Amsler machines for test in tension, com- 
pression, torsion, shear, fatigue, bending and ductility 
is available from Adolph I. Buehler. 


32—STEEL TUBING: Technical data on tubing for 
petroleum, chemical, and various processing industries 
is presented in a new bulletin published by Babcock & 
Wilcox Tube Co. Brochure TA 1559 includes analyses 
and tables of physical and mechanical properties as 
well as application data for 20 popular carbon, alloy 
and stainless tubing steels. 


33—MANILA AND SISAL ROPE: Data sheet available 
from New Bedford Cordage Co. lists table of sizes, 
types and lengths available of premeasured manila and 
sisal rope. The approximate gross weights of half and 
full unit coils are also included 


34—DRILL BUSHINGS: Reference book for the drill 
bushing industry has been released by the Ace Drill 
Bushing Co. Copyrighted comparison tables provide 
cross references to 3023 symbols used by other leading 
manufacturers. These tables compare symbols to 
actual ASA standard sizes and specifications as used 
by Ace. 


35—VIBRATION MOUNTING FELT: A _ simplified 
method for selection of the right grade and weight of 
vibration felt has been developed by American Felt Co 
Typical of the machines protected by mounting felts 
are buffers, grinders, lathes, and drill presses. 


36—BELT CONVEYOR IDLERS: Bulletin 51-81 avail- 
able from Chain Belt Co. contains information on latest 
designs and developments of this equipment. A de- 
tailed description of zipper bunker seals is included 
plus data on belt conveyor trippers. 


37—DIFFERENTIAL CONVERTER: A new mercury- 
less flow meter is fully described in catalog issued by 
Minneapolis-Honeywell Regulator Co. It is said to 
feature fast speed of response for flow control and con- 
tinuous range change adjustment from 0-20 to 0-200 
in. of water. Operating principles of the pneumatic- 
balance type flow transmitter are given. 


38—ELECTROPOLISHING: Bulletin offered by Bueh- 
ler Ltd. provides information on the theory and prac- 
tice of electrolytic polishing of metallurgical samples 
together with a description of the Buehler-Waisman 
electro polisher. 


39—SUPER REFRACTORIES: A new 20-p. booklet 
available from Carborundum Co. gives technical in- 
formation of a basic nature on Super-Refractories. The 
text material is supplemented with charts, tables and 
illustrations. Various illustrations show the different 
shapes of these refractories. Sizes up to 50 in. and 
more in one direction can be made and sections can be 
as thin as % in., depending upon the other dimensions 
involved. A table is included that gives the physical 
characteristics of the super refractories 
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M.H. DAVIES 
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MEET THE 


A. E. Powers (p. 865) received his 
B.S. degree from Purdue Univ ersity, 
and his Ph.D. from Lehigh Univer- 
sity. Formerly metallurgist for Alle- 
gheny Ludlum Steel Corp., he joined 
the General Electric Co. as metallur 

gist at Bridgeport in 1947, and is now 
at the Schenectady Works Lab. A 
member of AIME, ASM, and Sigma 
Xi, his hobbies are woodworking, re 

pairing and clarinet 
playing 


automobiles, 


M. H. Davies (p 
Maesteg, South 


877) was born in 
Wales, U.K., and 
studied at the University of Wales 
Now ECA Fellow in the United 
States working at Carnegie Institute 
of Technology and Bureau of Mines 
at Albany, Ore., he has been research 
metallurgist, AEI Research Labora 
tory, Aldermaston, Berks, England. 
and will return to England late thi 
Veal 


H. D. Kessler (p. 881) is research 
netallurgist at Armour Research 
Foundation, Illinois Institute of 


Technology. A graduate of Case and 
Illinois Institutes of Te chnology, he 
has been employed at NACA, Lewis 


Flight Propulsion Lab; and Air Ma 
terial Command, Wright Field. This 
AIME, ASM, AFS, and Sigma Xi 
member enjoys gymnastics. home 
movies, and gardening 

M. Hansen (p. 881), born in Ger 
many, received his Ph.D. from the 
University of Goettingen. He was 
connected with the Kaiser Wilhelm 


Institute for Metals Research; Berlin. 


and was vice-president in charge of 
research and development for Cue 
rener Metallwerke A.G., Berlin. Now 


assistant chairman of metals re 
search at Armour Research Founda 
tion, Illinois Institute of Technology, 
he holds membership in AIME, ASM. 
Institute of Metals, and is the author 
of some 60 papers and a handbook 


D. J. MePherson (p. 881), 
metallurgist at Armour 


research 


Research 


Foundation, received his B.Met.E.. 
M.Sc., and Ph.D. degrees from Ohio 
State University. He has been as 


AUTHORS 


sociated with Carnegie-Illinois Steel 
Corp., Battelle Memorial Institute. 
Ohio State University Research 
Foundation, and Argonne National 
Laboratory. Record collecting, soft- 
ball, and tennis occupy his leisure 
time 


M. T. Simnad (p. 889), born in Tehe- 
ran, Iran, attended high schools in 
Turkey and England. He is a gradu- 
ate of London University and Cam- 
bridge University, where he became 
Now research 
associate and instructor at Carnegie 
Institute of Technology, he was post- 
doctoral guest fellow there, and held 
the Weston Fellowship of the Ameri- 
can Electrochemical Society. A mem- 
ber of AIME and many other socie- 
ties, he likes travel, judo, non-tech- 
nical research, and culinary arts 


a research associate 


E. E. Fletcher (p. 897), principal 
metallurgist in the dept. of metal- 
lurgical engineering, Battelle Memo- 
rial Institute, attended Whittier Col- 
lege (Calif.), Colorado School of 
Mines, and Ohio State University 
Tennis and photography are the hob- 
bies of this AIME and ASM member 


A. R. Elsea (p. 897), a graduate of 
Ohio State University, is assistant 
supervisor of metallurgical engineer- 


ing at Battelle Memorial Institute 
Author of several papers, he holds 
membership in AIME, ASM, AFS. 


and enjoys fishing, photography, and 
gardening 


D. E. Thomas (p. 926), a native of 
the Steel City, went to Carnegie In- 
stitute of Technorogy. He received 
his B.S. in 1942, his M.S. in 1949. 
and D.Sc. in metallurgical engineer- 
ing in 1950. From 1942 to 1946 he 
was a heutenant in the Navy at the 
Dahlgren, Va., Naval Proving 
Ground. From 1946 to 1950, while 
working for his Doctor's degree, he 
was a teaching assistant on an ONR 
project In 1949 he joined the 
Atomic Power Div.. of Westinghouse 
senior scientist. Photography, 
gardening and model railroading are 
his hobbies, and he plays the organ 


as a 


D. J. McPHERSON 


M. T. SIMNAD 


E. E. FLETCHER 


A. R. ELSEA 


PROFESSIONAL SERVICES 


Limited to AIME members, or to com 
panies that have at least one AIME 
member on their statts 

year per inch 


Rates $40 per 


150 Broadway 


MAX STERN 
Consulting Engineer 


New York 7, N.Y 


Testing—Certitying 
American Standards 
Testing Bureau, Inc 
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ENGINEERS 
CONSULTANTS 
METALLURGISTS 
Small Jobs Weleomed 
SAM TOUR & CO., INC. 


Laborotories and offices 
44 Trinity Place, New York 6, N.Y. 


lurgy Laberatory 


R. S. DEAN LABORATORIES, INC. 


Consulting, Research Development 
Chemistry, Electrochemistry, & Metal- 


Contract Basis 
5810—47TH AVENUE 
RIVERDALE, MD 


Research on a 


AP.2821 


140 CEDAR STREET 


LEWIS B. LINDEMUTH 


Consutiung Enguneer 


STEEL PRODUCTION 
OPERATION CONSTAUCTION 


NEW YORK 6 
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COOL Gas 
CARRYING 
CONDENSED 
SOs MIST 
AND WATER 


| REMAINDER 
PROCESS VIELE 

HIGH STRENGTH 

SULFURIC ACID 


HOT GAS CARRYING 
METALLIC OXIDE DUST 
AND SO2 VAPOR 


KOPPERS-ELEX COOLING 
DRY DUST AND 

ELECTROSTATIC SCRUBBING 
PRECIPITATOR TOWER 


KOPPERS ELEX 
ACID MIST 
PRECIPITATOR 


WEAK SULFURIC 


A conventional precipitator design on a metallurgical 
application could be wasteful! That’s why Koppers de- 
veloped special designs to clean sintering gas and hot 
gases from hearth, flash and fluidized roasters. Other 
types are also available for removal of acid mists. 


Koppers-Elex Electrostatic Precipitators 
offer Guaranteed Rates of Recovery 
and Nuisance Abatement! 


PROFITABLE INVESTMENT . . . that’s the report about 
Koppers-Elex electrostatic precipitators on zinc roaster 
and acid mist applications. Not only is recovery guaranteed to 
any efficiency you specify . . . but proper engineering protects 


HERE’S THE RECORD* you against failure during overloads and production peaks! 
Koppers engineers analyze each Only Koppers gives you the drag scraper which provides 
metallurgical gas cleaning and continuous dust removal and eliminates plugged hoppers and 
recovery problem individually. bothersome dust build-up. Separately energized multiple series 
Then, based on extensive experi- fields provide maximum collection of very fine particles ... and 
ence, they give you a specific protect your investment because outage of one field does not 
recommendation of the amount of halt the gas-cleaning action of the precipitator! 


recovery that can be economically 
combined with the degree of gas 
cleaning you require. 


Hundreds of Elex precipitators are in use today all over the 
world. Koppers-Elex electrostatic precipitators are designed, 
engineered, fabricated and erected under one contract by the 
Koppers Company ...and each installation comes complete 
with “packaged” mechanical or vacuum tube power packs. If you 

have a gas-cleaning problem, write to: Koppers Company, 


Inc., Precipitator Dept., 360 Scott St., Baltimore 3, Md. 
*Guaranteed: Koppers-Elex 
precipitators are guaranteed to 


equal or better (under tests carve 

made by your own personnel) 

any efficiency or residual con- Ctde- ELECTROSTATIC 
tent you specify. PRECIPITATORS 
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D. J. MACK J. T. NORTON 


D. J. Mack (p. 903), assistant pro 
fessor of metallurgical engineering 
at University of Wisconsin, has 
served with C. F. Burgess Labs, 
Globe Union Mfg. Co., Purdue Uni- 
versity, University of Tennessee, 
TVA, and U.S. Forest Products Lab 
A member of AIME, ASM, ASEE, 
and NACE, he received his B.S. and 
M.S. degrees from University of Wis- 
consin, and a Ph.D. from Purdue 
University. Golf, photography, and 
fishing occupy his spare time. 


J. T. Norton (p. 923) received his 
B.S. and Sc.D. degrees from Massa- 
chusetts Institute of Technology, 
where he has been associated since 
1920. Now professor of physics of 
metals, he specializes in X-ray 
metallography and has written num- 
erous papers in the field of physical 
metallurgy. He belongs to AIME, 
ASM, American Physical Society, 
Institute of Metals, and enjoys fly- 
fishing, skiing, and photography. 


W. D. Manly (p. 872) was born in 
Malta, Ohio. He went to school at 
Antioch College and Notre Dame 
and has a B.S. and an M.S. in metal- 
lurgy. He is a metallurgist at the 
Oak Ridge National Laboratory for 
UCC’s Carbide and Carbon Chemi- 
cals Div. Fishing, hunting and golf 
are his hobbies 


J. F. Libsch (p. 865). JOURNAL oF 
Mera.s, September, 1951 


B. S. Lement (p. 881). JouRNAL oF 
Meta.s, September, 1951 


P. A. Beck (p. 881). JOURNAL OF 
Mera.s, September, 1949. 


C. E. Birchenall (p. 877). Journat 

or Metats, January, 1950. 

I. S. Servi (pp. 909, 917). JouRNal 
* MeTALs, June, 1951 


J. Grant (pp. 909, 917). Journal 
or Metats, October, 1950 


K. Chen (p. 937). JOURNAL oF 
ETALS, June, 1951 


SHENANGO-PENN MOLD Maddin (p. 937). JourNat. oF 
: Metats, September, 1949 
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FOUR TASIL LINED TREADWELL LADLES 
Set NEW TONNAGE RECORD in Pittsburgh District! 


| 


To keep a ready supply of hot metal available 


“BALANCE” your linings with TASEL 


RESULTS OF RECENT TEST Pittsburgh District 
AVERAGE TONNAGE 


BEFORE RELINED 

Blost Furnace Quolity Fire Brick . 35,000 to 60,000 Tons 

Super -Duty Fire Brick 138,166 Tons 

TASIL “Bolonced” Super-Duty Brick «5,168,305 Tons 


* Average of 4 linings. 


TASIL "BALANCED" TREADWELL LADLE LINING 


Hait-section and vertica! section on center line 


- TASH Brick and Cement 


Exclusive Agents in Canoda: 
REFRACTORIES ENGINEERING AND SUPPLIES, LTD. 
Meant and M 


MANUFACTURERS OF REFRACTORIES * CINCINNATI « OHIO « U.S.A 


TAYLOR SILLIMANITE (TASIL) Brick and Cement ex- 
tend the service life of Treadwell, Cling, and similar 
types of hot metal cars or ladles when used to rein- 
force or “balance” critical areas (see sketch). TASIL 
brick will not shrink or vitrify at service temperatures 
Tough—they withstand the washing action of molten 
iron during charging, transportation and pouring 

TASIL No. 301 Air-Setting or No. 302 Heat-Setting 
Cement makes permanent weld-like joints and re- 
tards joint erosion. Used successfully with TASIL, 
bonded mullite or super-duty brick linings. 

In the above test, four TASIL “balanced” ladles car- 
ried 158,017 tons, 170,156 tons, 179,609 tons and 165,432 
tons respectively. The average tonnage was 21-4 5% 
greater than that of all super-duty brick linings 
TASIL brick projected 1/2" beyond adjoining super- 
duty fire brick when cars were taken out for re-lining 

Keep your ladles and hot metal mixers working, 
reduce masonry and refractory costs, keep hot metal 
available at the Open-Hearth—use TASIL Brick and 
Cement to “balance” your linings. Bulletins 314 and 
315 give complete data. Write for your copies 


Refractorers to industry since 1864. 
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a) 6Are you turning in all your SCRAP? 


Don't wait for “George” to do it 


F you are a steel user, this important job 


> of getting more scrap back to the mills is 
directly up to you. You just cannot afford to 
sit idly by while the scrap shortage gets worse. 
For unless everyone really pitches into this 
job of digging out all the scrap possible, steel 


production is bound to suffer, and every steel A\l the SCRAP you 
can scrape Up 


user, in more or less degree, will suffer too. 


More scrap means more steel—it's as simple 
as that 


Right now some mills have only a 
bare two-days’ supply of scrap on 
hand. Others have even less. Some 
steel-making furnaces already have 
had to shut down for lack of scrap. 
The situation is serious. Only you 
can help improve it. 


By turning in every piece of worn-out equip- 
ment, every obsolete tool and machine, in 
fact every pound of iron and steel scrap 
you can comb out of your plant, you'll be 
helping relieve the worst scrap shortage since 


Pearl Harbor days... and the steel industry 
4 will be able to produce more of the steel you 

need. 


Remember— it takes at least one-half ton of 
scrap ty make one ton of steel. To maintaig 
steel’s present high production schedules 
requires more than 1400 carloads of in- 
dustrial scrap every day. So turn in your 
scrap— ALL your scrap— and keep the mills 
rolling. This is more than a shortage. It’s an 
emergency that vitally concerns you—and us 
—and the Nation. 


This page would ordinarily be used to tell you about 


You'll find your local scrap PRODUCTS OF 
dealers listed in the yellow UNITED STATES STEEL 


pages of the phone directory. 


but, because without SCRAP we cannot produce steel, 
we are asking instead for your all-out help in getting 
more SCRAP to the mills. 


UNITED STATES STEEL SUBSIDIARIES 


1-1348-A 
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EGcthio-Caré BRIQUETS 


WHAT ARE ELECTRO-CARB BRIQUETS? 


Electro-Carb Briquet is a carefully selected grade of metal- 
lurgically reactive silicon carbide processed solely for the 
deoxidation of cast iron in cupola. Electro-Carb Briquets 
are manufactured in the form of convenient sized briquets, 
weighing 5 Ibs., and made under exacting production 
controls in regard to weight, physical properties and com- 
position. An exclusive binder, developed by Electro re- 
search staff, permits the briquet to descend intact into the 
melting zone of the cupola and then expose the Silicon 
Carbide to the molten iron to insure a thorough reaction. 

As part of the cupola metal charge, Electro-Carb Briquet 
removes the inherent oxides present in the melting zone of 
the cupola. The metallurgically reactive silicon carbide 
in the Electro-Carb Briquet separates into a nascent or 
atomic form of carbon and silicon when in the presence of 
molten iron. This highly reactive form of carbon and sili- 
con remove the inherent oxides in solution and the iron is 
thoroughly deoxidized before it reaches the cupola spout. 


WHY DEOXIDIZE? 


The answer is simply this: To provide the foundryman 


A. improved Machinability. 


distrit ution as illustrated in Fig. A. 


in Fig. C 


which shortens 
cause tool failure on machining. 


deoxidizer in the cupola. 


BENEFITS FROM ELECTRO-CARB DEOXIDATION 


The removal of oxides resulting from 
Electro-Carb deoxidation improves machin- 
ing in that it promotes the formation of a 
more uniform and random graphite flake 


The graphite flakes have less tendency to 
segregate into patches or clusters, Fig. B, 
or occur in interdendritic forms as in C. 

The mode of graphite occurrence shown 
is also associated with large 
amounts of free ferrite which is not of a 
desirable type for machining, and causes 
heavy vibrations of the cutting tool. 

The reduction in segregation also applies 
to iron carbide and the hard phosphide 
complexes (steadite) which, when occurring 
in large segregated areas, result in ex- 
tremely hard spots in castings. It is these 
hard spots accompanied by the clustered 
and interdendritic occurrence of graphite 
tool life and can often 

Longer life of cutting tools and higher 
machining speeds is a very important con- 
sideration when Electro-Carb is used as a 


with a very simple and economical method of improving 
the machinability and strength of his castings. 

Plant and Research metallurgists alike agree that oxides 
in solution in molten cast iron may act as carbide stabiliz- 
ing or deep chill forming elements in the resulting cast- 
ings. This can occur even though the analysis of the iron 
is high in carbon and silicon. It is an old story to veteran 
foundrymen who may be all too familiar with extreme 
cases of oxidized or “burnt iron.” This iron usually “pours 
dead” and can cause rejection of castings due to blows, 
shrinks, cracks and castings returned from the machine 
shop due to hard spots. 

Oxides of this nature can be present in the charge from 
several sources: Pig iron, which may be “off,” not to analy- 
sis, but due to some of the variations in the blast furnace; 
rusty scrap materials or excess oxygen arising from coke 
and air relationships which may have gone out of adjust- 
ment in the cupola. Electro-Carb briquets offer the foundry- 
man a very effective and most economical method of re- 
moving or substantially reducing these injurious oxides by 
means of the vigorous exothermic deoxidation from the 
silicon carbide reaction. 


B. Improved Strength and Pressure 
Tightness. 


The deoxidation provided by Electro- 
Carb briquets produces a finer grain and 
a more uniform and random graphite 
distribution. The finer grain results be- 
cause of the initial solidification char- 
acteristics of the iron. The more desir- 
able flake results because graphitization 
occurs at higher temperatures. Usually 
it is most desirable to use Electro-Carb 
as part of an inherently harder base 
charge—using higher amounts of steel. 
The result: Higher tensile and transverse 


strength, higher density and greater 
pressure tightness... decided advantages 
to economical and uniform production 
of castings in the Automotive, Diesel 
Engine, Agricultural and Radiation fields 

. where high strength and good ma- 
chinability are a “must.” 
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An improvement in fluidity is a decided characteristic of Electro-Carb de- 
oxidized iron due to the fact that the iron solidifies at a more uniform tem- 
perature. In other words, the iron is not “pasty” for as long a period before 
the entire casting solidifies. Oxides in solution tend to make the iron solid- 
ify over a wider temperature range causing it to be sluggish and lack good 
fluidity. @ Shrinks and misruns directly attributed to metal can be held to a 
minimum when Electro-Carb practice is followed. 


For irons of the same analysis the deoxidation reaction of Electro-Carb often 
reduces the depth of chill. The reduction is best explained on the basis of 
the stabilizing effects of oxides on the formation of iron carbide and pre- 
vention of graphitization. The improvement of this condition can be most 
easily recognized on corners of thin sectioned castings. When Electro-Carb 
is used as part of the charge, the foundryman first notices the beneficial effects 
on castings of this nature with a decided reduction in chilling. 


In addition to machinability and strength, an actual economy can often be 
realized in the mixture when Electro-Carb Briquet is part of the charge » 
Economy is effected if steel or cast scrap is a to replace a portion of the 
pig iron or other silicon bearing materials. Usually the benefits of Electro- 
Carb deoxidation is assured at no additional cost. ¢ In soft and medium 
strength irons all the charged silicon in the mixture plus some silicon from 
the Electro-Carb briquet itself is realized. ¢ On high strength or malleable 
iron where oxidation may be at a higher level all of the charged silicon is 
recovered. ¢ In some cases it is even desirable to reduce the final silicon 
content of the iron when Electro-Carb Briquets are used. ¢ The charge ad- 
justments are simple. A few charges will readily enable the foundryman to 
settle on the best mixture and combine the most desirable feature of improved 
quality and economy that Electro-Carb deoxidation will impart to his castings. 


HOW ELECTRO-CARB !S USED. Electro-Carb may be used 
very effectively in quantities from 42% to 1% of the metal 
charged, depending on the type of castings produced and 
the particular cupola operation. Most operators experience 
best results at 4% to 1%. 

For a given cupola operation the analysis will run very 
consistent day in and day out after the final charge adjust- 
ment is made, and since weighing is not necessary, the 


3.10-3.20 Carbon (C) 1.20-1.40 Silicon (Si) 3.20-3.30 Carbon 


briquets may be conveniently added simply by count. 
Operators generally find it desirable to place the recom- 
mended number of briquets on cop of the coke charges. 


1.80-1.90 Silicon 


IMPROVED 
FLUIDITY 


DECREASE 
IN CHILL 


E. 
ECONOMY 


TYPES OF IRON. Electro-Carb briquets can be used to ad- 
vantage in all types of grey iron and malleable iron. Below 
are some typical charges demonstrating how Electro-Carb 
may be easily incorporated into the mixture. 


SOFT MACHINING IRON 
3.40-3.50 Carbon 2.25-2.50 Silicon 


WEIGHT 


MATERIAL 


WEIGHT 


yMalleable Pig Iron 


Electro-Carb Briquets 


MATERIAL 


Steel Scrap Steel Scrap 
Cast Iron Scrap Cast Iron Scrap 


WEIGHT MATERIAL 


The foregoing examples are merely il- 
lustrations of a few types of grey iron 
charges. Electro-Carb briquets are read- 
ily applicable to all types of iron and 
the charge adjustments can be easily 
varied to suit individual operations for 
maximum benefits. 


Special data regarding Electro-Carb 
Briquets in MALLEABLE IRON 

In duplex malleable operations Electro- 
Carb can be incorporated as part of the 
metal charges and quite effectively mini- 
mize oxidation in the cupola. Oxidation 
in malleable iron and its resulting effects 
on fluidity, casting defects, and anneall- 
ing characteristics, is gaining more and 
more attention and closer control by 


the metallurgist. Electro-Carb briquets 
provide a real aid to metallurgists in 
that through the silicon carbide re- 
action, oxidation can be reduced with 
a more consistent analysis resulting. 


Improvements in fluidity is usually the 
first thing the operators will notice as 
castings are poured, dnd resulting 
benefits of fewer shrinks, hot tears, and 
cracks can be anticipated, when using 
Electro-Carb Briquets. 

On annealling, the benefit that may be 
observed is an improvement of first 
stage graphitization. This is due to the 
occurrence of finer carbide which breaks 
down more rapidly te nodules since 
they are smaller and greater in number. 


MALLEABLE IRON 
2.40-2.50 Carbon 1.30-1.40 Silicon 
WEIGHT MATERIAL 
665 pounds........Steel Scrap 
Scrap 
ZO. Silvery Pig Iron 
Pig tron 
Briquets 


Above is a typical example of the use 
of Electro-Carb Briquets in Malleable 


Iron to provide Deoxidation. 


NotThis This 

Sa 

HIGH STRENGTH IRON MEDIUM STRENGTH IRON 
— — — — 
500 pounds 500 pounds........Pig Iron 600 pounds........Pig Iron 
1380.............Cast Iron Scrap 
Briquets 
J 


GRINDING WHEELS 
for IRON 


Here is a new series of resin bond- 
ed, abrasive-combination wheels 
especially for iron work. They are 


‘ so much longer-lived, they save 
from 30% to 50% on actual abra- GRINDING WHEELS 
sive costs at vitrified speed (6500 caucienes 

4 sfpm) as well as at resin speed . 
(9500 sfpm). More than that, they — 
often save on labor costs, and they High 
always equal labor cost of com- Temperature 
positions replaced. For any nominal CEMENTS 
grit sizing they produce a finer fin- espancrenns 
ish. They assure an abrasive cost Ger Checniest 
saving and may give you a labor and Ceramic 
cost saving in addition. Let us dem- industries 
onstrate. Send for details. Also, get SLECTROCARS 
free, our 64-page GRINDING (Silicon Carbide) 
WHEEL MANUAL illustrated in ABRASIVE GRAIN 


full color. 


PLANTS aT 
Cap-de-la-Madeleme P Q Canede 
and Buffalo N Y 


344 DELAWARE AVE. BUFFALO 2, N. Y. 


easy way 


Naa A cup to the ton 


And the trick is done! 


Cup and contents go into the ladle together, when you 
use the patented MCA Boron Cups (U. S. Patent 
2,283,299) in making up a melt of Boron Steel. 


For each ton of metal, you add one MCA cup, sealed 
and intact, precisely as you received it. Nothing could 
be simpler. Each cup contains the approved standard 
amount of MCA Ferro-Boron (U. S. Patents 2,283,299 
and 2,509,281), which diffuses readily, incorporates 
Boron economically, and gives dependable, uniform 
results. On this or any metallurgical use of Molyb- 
denum, Tungsten, or Boron, MCA technicians are 
always happy to be consulted. 


MOLYBDENUM 


AMERICAN Production, American Distribution, American 
Control, Completely Integrated 


Offices: Pittsburgh, New York, Chicago, Cleveland, Detroit, 
Los Angeles, San Francisco 


Sales Representatives: American Steel and Supply Co., Chicago; 
Edgar L. Fink, Detroit; Brumley-Donaldson Co., Los Angeles, 
San Francisco 


Subsidiaries: Cleveland-Tungsten, Inc., Cleveland, O.; General 
Tungsten Manufacturing Co., Inc., Union City, N.J. 


Works; Washington, Pa.; York, Pa, 


CORPORATION OF AMERICA 
Grant Building _—~Pittsburgh, Pa. 
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Personnel Service 


New York 18; Detroit, 
San Francisco; 


Chicago |! 


POSITIONS OPEN 

Engineers. (a) Metallurgist, grad- 
uate, experienced in welding tech- 
niques, hard surfacing and general 
alloys. Will review melting practices 
in conjunction with the conservation 
of ferroalloys. Salary, $8800 a year. 
(b) Electro-plating engineer with 
some experience in steel metallurgy, 
responsible for conducting research 
analysis, etc., in conjunction with 
the conservation of critical alloy 
metals. Salary, $10,000 a year. Loca- 
tion, Washington, D. C. Y5951 


Critical annealing job 
ACCURATELY CONTROLLED 


Pheve courtesy of Alan Weed Sreei Company 


maclad, Alan Wood's stainless 
clad steel, combines the surface charac 

teristics of solid stainless with the easy 
forming qualities of mild carbon steel 


Accurate temperature control of con 
tinuous annealing furnaces is important 
in producing this quality steel. The 
stainless layer is diffusion welded to 
the mild steel backing in a layer of 10° 

of total thickness for sheets «13 gauge 
and heavier, and 20 for lighter 
sheets. The stainless clad carbon 
sheets are annealed in pairs, stain 
leas sides together, and run through 
the furnace at a speed determined by 
the sheet gauge 

Furnace temperatures from 1950 to 
2000°F. are measured by the Radia- 
matic sensing elements and controlled 
by ElectroniK Pneumatic Controllers 


Honeywell 
“Brow 


834—JOURNAL OF METALS, OCTOBER 195! 


Plus-Fector 


The sensitive measurements, and the 
precise control of heat by these instru- 
ments, afford a highly efficient zone 
control system that maintains correct 
firing rates for varying furnace loads 
Such dependable performance is being 
repeated by ElectroniK indicating and 
recording controllers throughout the 
metals industry delivering top- 
quality products at lowest cost. 


Call in your local Honeywell engineer 
for a discussion of your utilization of 
Electronik control . he is as near as 
your phone! 


MINNEAPOLIS-HONEYWELL REGuU- 
LaToR Co., Industrial Division, 4573 
Wayne Avenue, Philadelphia 44, 
Penna. Offices in more than 80 prin- 
cipal cities of the United States, 
Canada and throughout the world. 


Engineers. (a) Mine Foreman with 
block caving experience and know!l- 
edge of Spanish language. Salary, 
$5000 a year. (b) Junior Metallurgist. 
Salary, $4000 a year. (c) Mill Super- 
intendent. Salary, $5000 a year. Loca- 
tion, Bolivia. Y5931. 


Assistant Metallurgist, graduate, 
with at least four years ferrous and 
nonferrous experience, for analysis, 
testing and application with aircraft 
products company. Salary open. Loca- 
tion, New Jersey. Y5924. 

Melting Dept. Superintendent ex- 
perienced in electric are furnace melt- 
ing of tool, high speed, stainless and 
specialty steels in long-established 
mill. Should have considerable prac- 
tical experience, technical back- 
ground, and ability for handling men 
Location, Pittsburgh Area. Y5910 


Product Research and Design Engi- 
neer with engineering education and/ 
or background with imagination 
necessary to develop and/or uncover 
new metal products that would be 
of interest to the company. Should 
have some background in design 
drawing related to work in connec- 
tion with the development of new 
sheet metal products. Salary open 
Location, Illinois. Y5901. 


Metallurgist, 23 to 28, with | to 3 
years’ research or industrial experi- 
ence, to assist In carrying out re- 
search in nonferrous metals, espe- 
cially in the rare metal field. Will do 
government contract research work 
as well as that sponsored by the 
company. Salary, $4000 to $5000 a 
year. Location, Philadelphia Area. 
Y5898 


Foundry Engineers. (a) General 
Production Superintendent, 33 to 40, 
for iron foundry employing 800 to 
1000. Competent in labor relations, 
cost and profit minded. Constructive 
record of performance and improve- 
ments essential. Centrifugal casting 
experience desirable. Salary, $6000 to 
$9000 a year. (b) Plant Manager, 35 
to 45, for iron foundry, experienced 
executive capable of assuming full 
responsibility of all activities. Must 
be competent in labor relations, cost 
and budgets. Record of performance 
and constructive improvements es- 
sential. Salary, $11,000 to $14,000 a 
year. (c) District Manager, iron cast- 
ings, 40 to 45, operating executive 
capable of supervising activities of 
three plant managers. Record of 
performance and of constructive im- 
provements essential. Salary, $15,000 
to $20,000 a year. Location, South 
Y5892 


Mechanical Engineer for designers 
and manufacturers of process equip- 
men‘ of stainless, alloy, and carbon 
steels for the chemical, petroleum 
(Continued on p. 836) 
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FIRST HEAT at. ys “EM BETTER 


Coil that guarantees uniform, efficient heating © 
the billet. 
The new Loftus Induction Furnace can't be equalled for 


clean, economical, efficient operation. Write for descriptive 


booklet today. 


Brass, Copper 
some ications 


meat 
meat reeat, 
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s and Builders of Industrial F Lot 
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INDUCTION HEATING WITH BALANCED 

4 

“40 There is absolutely NO Comparison! m verte 

You can now profit from efficient induction heat by 
ai assures electrical balance on your power 

pull: 
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The 


Metallurgical 


Completely equipped with 


facilities for photomicrography. 


LEITZ MICRO OPES CIENTIFI 


BINOCULARS LEICA 
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AMERAS AND 


new 


For information, see your Leitz 


franchised dealer, or write to Dept. JM 106 


E 


Microscope 


E. LEITZ, Inc., 304 Hudson Street, New York 13, N.Y. 


IMENTS 


SORIES 


Personnel Service 


and allied industries, such as auto- 
claves, reactors, mixing equipment, 
fractionating columns, heat’ ex- 
changers, condensers, etc. Should 
have experience in this field and pos- 
sibly chemical plant operating ex- 
perience. Location, northern New 
Jersey. Y5861. 


Metallurgical Product Engineer, 
recent graduate, B.S. in metallurgy, 
for product engineering work on rod 
and wire. Excellent living condi- 
tions; housing available. Reply giv- 
ing training, experience, age, salary 
desired, etc. Location, northern Penn- 
sylvania. Y5832. 


Engineers. (a) Metal Processing 
Engineer familiar with metal process- 
ing equipment for melting, forging 
and rolling. Liaison between re- 
search laboratory and production per- 
sonnel. Emphasis is on the equipment 
aspects of processing, but an appre- 
ciation of the metallurgical factors 
involved important. (b) Junior Re- 
search Physical Metallurgist, recent 
graduate, to work in research labo- 
ratory assisting experienced metal- 
lurgist in the physical metallurgy 
research of a series of new alloys 
Liking and aptitude for laboratory 
work essential and experimental re- 
sourcefulness desirable. (c) Senior 
Research Physical Metallurgist, to 
conduct alloy research on a new 
series of materials. Advanced de- 
gree in physical metallurgy or its 
equivalent in metallurgical research 
necessary. Location, Midwest Area 
Y5826. 


Assistant to Vice President, 36 to 
42. Must have mining operations 
background and should be particu- 
larly experienced in purchasing min- 
ing equipment, and warehousing and 
traffic for mining operations. Knowl- 
edge of Spanish desirable. Salary, 
$15,000 a year. Headquarters, New 
York, N. Y. Y5823. 


Recent graduate in Metallurgical or 
Chemical Engineering Must be re 
search minded but practical! for varied 
projects including Powder Metallurgy 
Location Northern New Jersey. Sub 
mit photograph, draft status, qualifi 
cations, and salary requirements in 
first letter 
Box J-14 JOURNAL OF METALS 


PHYSICAL METALLURGIST Re- 
search position with opportunity open 
for recent graduate with knowledge ot 
powder metallurgy Employment ir 
central Massachusetts. Give complet 
details of education and experience 


Box J-15 JOURNAL OF METALS 
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Personnel Gorvice 


Metallurgical or Mechanical Engi- 
neer with general background in 
light metals such as aluminum, mag- 
nesium or titanium, for statistical 
control and coordination to manu- 
facturing divisions. Salary, $7600 a 
year. Location, Washington, D. C. 
Y5699. 


Metallurgical Engineer, 22 to 35, 
B.S. degree, for special investigation 
and development work in precision 
manufacturing operations. Previous 
experience in metallurgical process- 
ing or design of precision machinery 
helpful, but not required. Location, 
suburban Philadelphia, Penna. Y5680. 


Fellowship—Mines and Metallurgy, 
B.S. or better with knowledge of 
flotation processes, to investigate 
slime phenomena during flotation, 
particularly iron ore. Three year fel- 
lowship with opportunity to earn 
Ph.D. Salary, $1980 first year, in- 
creased to $2400 when selectee proves 
initiative; $175 a year extra also pro- 
vided. Location, Minnesota. T8107. 


Research Engineers, graduate met- 
allurgists, preferably with Ph.D., 30 
to 35, experienced in metallurgical 
research either industrial or educa- 
tional, specializing in physical metal- 
lurgy on properties of surfaces. Salary 
open. Location, Illinois. R8084. 


Industrial Engineer with consid- 
erable metal products experience, to 
make production studies, estimate 
costs in manufacturing plant. Salary, 
$6760 to $7280 a year. Location, cen- 
tral Pennsylvania. Y5873(b). 


MEN AVAILABLE 


Research Supervisor, Ph.D. Ten 
years’ experience carrying out, super- 
vising, and planning research in phys- 
ical metallurgy, with many publica- 
tions, seeks responsible position in 
industry. M-643. 


Metallurgist, 27, B.Met.E., M.S. 
Met.E., married, one child. Employed 
ferrous research. Served two year 
assistantship in physical metallurgy 
and metallography. One year steel 
mill experience. Training in statis- 
tical quality control. Interested in re- 
search or development position. Will 
locate in East or Midwest, prefer 
New York City Area. M-644. 


Mining and Metallurgical Engineer, 
B.S. in Metallurgy, B.S. in Mine Engi- 
neering; 24 years’ experience in un- 
derground metal mining, quarrying, 
mine examinations, prospecting and 
development; five years’ in charge of 
mills treating metallic ores. Any loca- 
tion considered. M-646. 


and Carbon 
Control 


Canburizing 
FURNACES 


HEVI DUT 


ORY TYPE TRANSFORMERS — CONST 
WISCONS!I 


@ Burgess Norton uses 12 Hevi 
Duty vertical retort furnaces for 
carburizing piston pins to rigid 
case depth and carbon specifi- 
cations. Metallurgical tests and 
quality control prove that each 
pin receives uniform heat treat- 
ment. These rugged furnaces 
operate 24 hours a day, six 
days a week with minimum 
down time. 


learn how dependable Hevi 
Duty vertical retort furnaces 
provide accurate heat treat- 
ment on a production basis. 
Write for your copy of bulletin 
HD-646 — today. 


See the Hevi Duty Vertical Retort Furnace 


Booth 0-350 at the Metal Show 


LECTRIC COMPANY 


LECTRIC EXCLUSIVELY 


ANT CURRENT REGULATORS 
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Industrial Notes 


e Pittsburgh Steel Co., Pittsburgh, 
acquired the assets and business 
of Thomas Steel Co., Warren, Ohio, 
producers of strip steel. Thomas 
became the Thomas Strip div., of 
Pittsburgh Steel Co., and has a 
capacity of about 180,000 tons of 
strip a year 


A new $10 million to $15 million 
mining plant will be constructed 
by Freeport Sulphur Co., at Gar- 
den Island Bay, 100 miles south- 
west of New Orleans, to exploit 
the “largest single sulphur dis- 
covery in the world in 20 years.” 
The plant will be in operation by 
1953 with an annual capacity of 
500,000 long tons. The deposit is 
in a swampland 


Republic Steel Corp. will convert 
a 70-ton electric furnace at its 
South Chicago plant from side door 
to top charging, a conversion that 
will increase production by an 
estimated 50,000 tons a year. This 
will be the second such conversion 
Transformer capacity of the fur- 
nace also will be increased 


Harrisburg Steel Corp., Harris- 
burg, Pa., acquired Boiardi Steel 
Corp., Milton, Pa. Boiardi has an 
annual capacity of 50,000 tons of 
bars, angles and shapes 


National Lead Co. has acquired a 
substantial interest in Nickel Proc- 
essing Corp., which will operate 
the former Nicaro Nickel Co. prop- 
erty in Cuba. Sharing ownership 
of Nickel Processing Corp. are Tin 
Processing Corp. and Cuban na- 
tionalists. The mine and reduction 
plant will be operated under con- 
tract with the U. S. Government 


$1,000,000 plant construction pro)- 
ect at Tonawanda, N. Y., and the 
purchase of the Borden Co., plant 
at Troy, N. Y. is the Sylvania 
Products Co. expansion program 
The Troy operation will be a 
branch plant of the tungsten and 
chemical operation at Tonawanda 
Crucible Steel Co. announced it 
had let a $3,000,000 contract for 


construction of a new cold-drawn 
wire mill at its Sanderson-Halcomb 
works, Syracuse, N. Y 

e Aseamless tube mill at the Pueblo, 
Colo., plant of Colorado Fuel & 
Iron Corp., will cost about $30 mil- 
lion. Methods of financing the pro- 
gram under study, and the 
project is a continuation of the 
company’s improvement and diver- 
sification program at its nine steel 
plants and various mining prop- 
erties 


are 


$4.5 million is the announced cost 
of new research facilities of Dow 
Chemical Co. at Midland, Mich., 
and Freeport, Texas, plants. At 


* 
Midland, new organic, spectro- 


scopy and special service labs will 
be built 

Magnesium production has been 
started at the Painesville, Ohio, 
plant operated by Diamond Alkali 
Co.’s subsidiary, Diamond Magne- 
sium Co., during World War II. 
The plant cost $16 million and pro- 
duced at a rate of 18,000 tons a 
year. Diamond began rehabilitation 
of the plant last December. 
Harvey Machine Co., Los Angeles, 
will be the first new independent 
aluminum producer since World 
War II, having accepted the terms 
of a proposed $46 million Govern- 
ment loan to build two aluminum 
plants in Montana and Washington. 
$34 million will be used to build a 
three pot line plant near Kalispeel, 
Mont., and the balance will be used 
for a plant near Seattle. 


Dominion Steel & Coal Corp., Ltd., 
Sydney, Nova Scotia, has awarded 
a contract for engineering and con- 
struction of a 6l-oven battery 
chemical  cokeplant. Koppers- 
Becker underjet ovens will be in- 
stalled, replacing an old 60-oven 
battery which will be torn down 
The new battery will carbonize 
about 1400 tons of coal a day, and 
the ovens will be heated by coke 
oven gas which will be recirculated. 
Inland Steel Co. will add a new 
slab reheating furnace at its In- 
diana Harbor Works. Rust Furnace 
Co. will build the new multi-fired 
continuous furnace, designed to 
deliver 85 tons of slabs per hr 


$100 million a year for several 


years is the planned expansion 
program of Dow Chemical Co. Ex- 
pansion will be spread among 


existing divisions and include new 
ones at Allyns Point, Conn., and 
Madison, Ill. Availability of cert)- 
ficates of nece:sity will determine 
largely how tue plan progresses. 
Eight electrostatic precipitators 
will be installed at the Fairless 
Works by Research Corp. Each of 
the two new blast furnaces, to be 
built by Arthur G. McKee & Co., 
will have two Cottrell precipitators 
for cleaning up to 165,000 cu ft 
per min of gas. The other four 
units will be used to remove tar 
and oil from coke oven gas, two 
being rated at 6800 cu ft per min 
and two at 25,000 cu ft per min. 
The coke ovens will be installed 
by Wilputte Coke Oven div., Allied 
Chemical & Dye Corp 


$2 million will be spent over a 
two-year period to build a steel 
mill for the National Shipyards & 
Steel Corp., an agency of the 
Philippine Government, at Manila. 
Hydropress, Inc. will build the 


plant, which will consist of an 
18-in. and a 12-in. rolling mill with 
auxiliary equipment to roll struc- 
tural shapes, bars and merchant 
products. Also included are heat- 
ing furnaces and supplementary 
equipment. 


18 tons of liquid oxygen of 99.7 
pet purity; 10,000 cu ft of 99.9 pct 
pure argon; and some high purity 
nitrogen will be the daily capacity 
of a new oxygen plant to be built 
by the Chemicals Plants div., Blaw- 
Knox Co., for Houston Oxygen 
Co., at Houston, Texas. The equip- 
ment will be furnished by Blaw- 
Knox's German affiliates, Gesell- 
schaft fuer Linde’s Eismaschinen 
Space is being provided for dupli- 
cating capacity at a later date 

$3 million is the cost of American 
Cyanamid Co.'s new Michigan City, 
Ind. plant that started operations 
in August, producing synthetic 
cracking catalysts for oil refining 


Kaiser Aluminum & Chemical Co. 
is expanding aluminum capacity 
through several major programs. 
A 200 million lb a year reduction 
plant at New Orleans, to cost $75 
million; 50 million Ib a year ex- 
pansion of reduction plants in 
Washington; development of baux- 
ite properties in Jamaica; expan- 
sion of the Baton Rouge alumina 
plant; and the leasing of a Govern- 
ment extrusion and forging plant 
make up the list of projects. 


Additional foundry and machine 
shop capacity is sought by Bucyrus- 
Erie Co., through the purchase of 
stock of National Erie Corp., Erie, 
Pa. 


$5 million to $6 million will be the 
cost of Carbide & Carbon Chem- 
icals Co.’s (UC&C subsidiary) new 
insecticide plant at Institute, W. 
Va. Linde Air Products Co., an- 
other UC&C subsidiary, is build- 
ing an argon and oxygen plant at 
Ashtabula, Ohio. 


Aluminum Co. of America is ex- 
panding its research facilities at 
New Kensington, Pa., increasing 
laboratory floor space by about 33 
pet. The New Kensington research 
lab is headquarters for all research 
aspects of the aluminum industry. 


Dominion Foundries & Steel, Ltd., 
Hamilton, Ont., became the fourth 
Canadian steel producer to make 
its own pig iron during the past 
month when a new 1000-ton blast 
furnace went into production. 


$335,365 will be spent at Niles 
Rolling Mill Co., Niles, Ohio 
(Sharon Steel Corp. subsidiary), 
extending galvanizing capacity, as 
well as engineering, laboratory, 
and machine shop facilities. 
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600-ton Mixer 


These pictures give but small 
evidence of Pennsylvania Engi- 
neering Corporation's contribution 
to the Steel Industry. 


Backed by many years of ex- 
perience and the great number of 
installations in the many Steel 
Plants, the Pennsylvania Engi- 
neering Corp. is prepared to de- 
sign, fabricate and erect complete 
Duplex Plants, including Mixers— 
25 tons to 2000 tons capacity, Open 
Hearth Furnaces—50 tons to 400 
tons capacity — both tilting and 
stationary, Converters—5 to 50 
tons capacity, Converter Jack Cars, 
Bottom Oven Cars, Regulating 
Valves, Slag Cars, Ladles, Ladle 
Cars, Transfer Cars, Jib Cranes 
and Hauling Systems. 


25-ton Converter 


Installations of some of the 
illustrated equipment at 


Inland Stee! Company 

Tennessee Coal, lron & Railroad Co 
Youngstown Sheet & Tube Company 
National Tube Company 
Carnegie-lIllinois Steel Corporation 
Republic Steel Corporation 
Bethlehem Stee! Company 

Great Lakes Stee! Corporation 
Weirton Steel Company 

Jones & Laughlin Stee! Corporation 
Ford Motor Company, River Rouge 
Ford Motor Company, England 
Broken Hill Proprietary Co., Australia 
Tata Iron & Steel Company, India 
Algoma Steel Company, Canada 
Stee] Company of Canada, Ltd 


Compania Siderurgica del Mediterraneo, 
Spain 
Cia. Fundidora de Fierro y Acero, Mexico 


Pennsylvania Engineering Corp. 


New Castle, Penna. 
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: 1500-ton Mixer 400-ton Tilting Open Hearth Furnace 


--- low resistance 
like INTERNATIONAL GRAPHITE ELECTRODES 


INTERNATIONAL 


CORP. 


A SPEER CARBON COMPANY SUBSIDIARY 


ST. MARYS, PENNSYLVANIA 
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THE WORLD'S FINEST 
LABORATORY MICROSCOPES 


Set higher standards for comfort, accuracy 
and speed in microscopy with new “Years- 
Ahead” advanced design features. 


@ New Dua-rol LOW POSITION Ball- 
Bearing and Roller Fine Adjustment— 
critical focus, easier and faster; less 
wear, longer life. New Roto-sphere 
BALL-BEARING Nosepiece—and most 
accurate parcentricity and smoothest 
rotation ever. 

New Mechanical Stage with LOW 
POSITION Controls for comfortable 
operation; 10X Achromatic Objective; 
New type Variable Focus Condenser for 
low-cost models; New attachable Inte- 
gral Illuminator. AND—many other 
new and service-proved advantages ex- 
clusive with or pioneered by Bausch & 
Lomb .. . further proof that the world’s 
finest instruments are made in America— 
by Bausch & Lomb. 


CLIP AND MAIL THIS COUPON TODAY 


BAUSCH & LOMB OPTICAL CO. | 

Please send me complete information | 
complete information on this new 1 on the new B&L Dynoptic Labroscopes. | 
line of microscopes. Bausch & As | would like a demonstration. 


Lomb Optical Co., 787-10 St. Paul NAME 

St., Rochester 2, N. Y. SCHOOL OR FIRM __ 
ADDRESS 
city____ STATE 
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Use of forms points up advantages of modern installation technique 
— faster ramming, increased density and better hearth contour. 


MODERN INSTALLATION TECHNIQUE 


FAMILIAR trade mark identifies a dependable product. But quality 
. of product is only one of the values that stand back of the “man 


with the shovel.” 


BASIC ENGINEER If you have a rammed hearth in your shop, you have first hand 
knowledge of one of these additional values. Basic pioneered the 

rammed hearth installation procedures now accepted as standard. 


sionsinthe pictureabove,knowsgranuior = (ne innovation was the use of forms to shape hearth contour accurately 
basic refractories. He also knows open 
hearth problems because he made steel = and to obtain maximum density, particularly in banks. 

for 17 years before joining our staff. 7 


Tom Lally, who is checking hearth dimen- 


These pluses are not reflected in the price of Basic products. 
Rather, you save in lower refractory costs per ton of steel. Extra 
values are part of our effort to earn more of your granular basic 


refractories business. 


Refracto Inco vated 845 HANNA BUILDING, CLEVELAND 15, OHIO 


Exclusive Agents in Canada: REFRACTORIES ENGINEERING AND SUPPLIES, LTD., Hamilton and Montreal 
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ELPING to plan for a big AIME meeting 2110 

miles away, in Mexico City, while sitting on our 
tail in New York during a particularly muggy summer 
has its disconcerting moments. Normally, Fall Meet- 
ings are held in the States where long-established 
Local Sections can act as hosts, with considerable ex- 
perience and financial resources to guide them and help 
them out. In the present case, there was no Local Sec- 
tion in Mexico when the idea of a meeting there was 
first broached. One was later formed, with about 50 
members. It received $100 as a Local Section appro- 
priation for 1951. With no money and only a handful 
of active members it was plain that the usual com- 
mittees to take care of all phases of a meeting could 
not be set up. The services of an organization thor- 
oughly familiar with handling conventions in Mexico 
were therefore enlisted. This organization contracted 
with the hotels to secure the number of rooms thought 
to be necessary, developed the social program, printed 
the prospectus for the meeting, and handled all cor- 
respondence. The local AIME committee worked 
closely with this organization, and we have every 
assurance from the Local Section officers that AIME 
members, their ladies and friends, will be well taken 
care of and that the costs are reasonable for the ser- 
vices performed. In fact, it appears that the meeting 
has been undersold; it appears likely that those who 
go to the Mexico City meeting at the end of October 
will return with a feeling that they would not have 
missed it for the world. It has already begun to click, 
and we are told that the Government and every one 
else will go out of their way to see that everybody has 
a superlative time if a sufficiently impressive number 
of our members attend 

Following several long-distance telephone calls, 
dozens of letters, and visits in New York from the 
Secretary of the Mexico Section, Bill Kane, and both 
the general manager and the president of Aguirre’s 
Guest Tours, we believe that the success of the meet- 
ing is now assured. That is, if all 800 of you come—a 
figure on which we have sort of set our sights. 

Mexico is a country that almost everybody has hoped 
or planned to visit at some time. For mining people 
and their ladies this is an exceptional opportunity to 
make dreams come true—weather conditions for the 
trip and while there should be ideal. There will be 
plenty of people you know, and social attractions and 
field trips that the mere tourist never has a chance to 


enjoy. 
What We Have and Haven't 


No nation has all of the raw materials it needs. 
Difficulty in obtaining adequate supplies of those that 
it lacks has long been a contributory cause, and an 
important one, of wars. In the world as we would like 
to have it, every nation would have an equal right to 
purchase, in the open market, those raw materials it 
needs. Further, some rules would seem desirable that 
would prevent a nation with large financial resources 
from cornering the market for one or more such com- 
modities. In wartime, or when nations are preparing 
for possible war, there is, of course, a desire to buy 
up all available supplies of so-called “strategic” ma- 
terials, not only to assure a domestic supply but to 
keep supplies out of the hands of present or potential 
enemies. But, to refer again to the world as we would 


THE DRIFT 


by Edward 


OF THINGS 


Nobie 
like to have it—when wars have endec, the compelling 
reason for such monopolistic practices will also have 
ended. Then the United Nations will really be func- 
tioning satisfactorily. 

In the meantime we must look out for our needs. 
The United States is probably in a more satisfactory 
position with regard to mineral raw materials than any 
other one country. But the Bureau of Mines indicates 
that in the current year we are self-sufficient in only 
nine mineral commodities: sulphur, molybdenum, an- 
thracite, bituminous coal and lignite, phosphate rock, 
salt, natural gas, helium, and magnesium. In the 90 
to 100 pet category are nitrates, iron ore, and petro- 
leum. We are 80 to 90 pct self-sufficient in ilmenite 
(titanium) and potash; and 60 to 80 pct in copper, 
zinc, rutile (titanium), and fluorspar. We will produce 
55 pct of our needs for lead, 38 pct of our bauxite 
(aluminum), 26 pct of antimony, 20 pct of flake 
graphite, 10 pct of cobalt, 9 pct of mercury, 8 pct of 
manganese used for steel, and practically no strategic 
industrial diamonds, quartz crystals, tin, chromite, 
nickel, mica, and long-fibre asbestos. 

Some of these, notably asbestos and nickel, are 
available in quantity just across our northern border 
from a country that experience indicates will always 
be friendly. For others, supplies are less certain and 
it would seem wise to maintain stocks sufficiently large 
for say 5 years’ requirements. An effort is being made 
to do this, our present achievement in this respect of 
course not being a matter of record. 


Big Nickel 

Reports of $3 to $4 per lb paid for small quantities 
of nickel in the black market and of plans for bringing 
in new production, may lead some to think that the 
big supplier—International Nickel—is falling off in 
production. Such is far from the case. International 
Nickel delivered 128,000 tons of nickel last year—some 
three quarters of the world’s production. Only five 
copper companies in the world delivered a greater 
tonnage of metal: Kennecott, Phelps Dodge, Katanga, 
Chile, and Braden. Only one lead company—Consoli- 
dated Mining & Smelting of Canada—exceeded it. And 
we doubt if any one zinc mining company attained 
that output. 

Some years ago, International Nickel’s output was 
all from underground mines. Then open pit mining 
was started on a large scale, accounting for about half 
the tonnage. These surface mines are now rapidly ap- 
proaching exhaustion, so underground mining again 
becomes dominant. Underground development in op- 
erating mines now totals almost 300 miles, of which 17 
were added last year. This is more than the combined 
mileage of all the subways in New York and London. 
Year after next the plans call for the hoisting of a 
maximum of 13,000,000 tons of ore a year. This is more 
than three quarters of the total underground output 
of copper ore from all mines in the United States in 
1949. Inco’s ore has been running just a bit higher in 
nickel than in copper, deliveries of metal last year 
being in the ratio of 24 nickel to 22 copper. Reserves 
of ore at the end of 1950 were 253,000,000 tons, con- 
taining 7,670,000 tons of combined nickel and copper. 

Copper Cliff is beginning to look like what miners 
term a permanent camp. 
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DUCTILE IRON 


approaches properties 


of cast steel; 


is readily produced 


by GRAY IRON 
FOUNDRY PRACTICE 


DUCTILE IRON is a cast ferrous product that 


combines the process advantages of cast iron 


The Chris Erhart Foundry & Ma- 
chine Co., Cincinnati 3, Ohio, pro- 
duced this Jordan plug, requiring 
strength and toughness, in ductile 
iron for Black-Clawson Co., a lead- 
ing manufacturer of pulp and paper 


mill equipment 


This high strength clamp can take 
90 twist without cracking or frac- 


re because it is ductile iron.. : 
7" with many of the product advantages of 
cast for The Langslow Corporation, . 


Rochester 9, N. Y., by The Acme 


Shear Company, Bridgeport 1, Conn 


MOTZINYY 


cast steel. 


In less than two years, ductile iron has 


attained wide acceptance, because it offers 


excellent castability, high mechanical prop- 


erties, and good machinability. Parts cast 


in ductile iron show superior strength and 


pressure-tightness, high modulus and re- 


sistance to shock. 


Bison Castings, Inc., 
Buffalo, N. Y., cast 
this hydraulic jxck cylinder bombsight parts, clutch drums, dies for au- 


Typical current applications include 


in ductile iron for strength tomotive fenders and bumpers, electrical 
and pressure -tightness 
Note, at right and left, sec- 
tions cut from castings to forging hammers, sprockets & gears, and 


fittings, pistons for diesels, side frames for 


show soundness many other parts. 


AVAILABILITY 


The International Nickel Company, Inc. 
Dept. ].M., 67 Wall Street, New York 5, N. Y. 
Please send me a list of publications on: DUCTILE IRON 


Name Title 


Send us details of your prospective uses, so 


that we may suggest a source of supply from 


some 100 authorized foundries now pro- 


Company 


Address 


ducing ductile ircn under patent licenses. 


Request a list of available publications on 


City. State ductile iron... mail the coupon now. 


THE INTERNATIONAL NICKEL COMPANY, INC. wew'vorx’s.¥. 
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An Alcoa expansion program will increase the Pacific Northwest's aluminum 
industry. Present plait capacities will be increased end a new plant 


will _be built nesr Wenatchee, Wash. Oregon's high-iron bauxite reserves, 


owned by Alcos, will core up for close scrutiny es a raw material source. 


The wartime plant at Mead, Wash., has started producing magnesium from dolomite 
by vecuum distillation using ferrosilicon as a reducing agent. Operations 
ere at e rate of 25 pet of capacity, but the 4 million 1t annual capacity 
rate will be reached by the end of 1951. The contractor is Pacific North- 
west Alloys, subsidiary of Chromium Mining & Smelting Co., which has been 
making ferrosilicon at Mead for use in the manufacture of Chrome-X since 1948. 


India's Tate Iron & Steel Co., is planning to spend more than $50 million in 


expanding its finished steel capacity to 950,000 tons a year. Pipe, strip, 
tubing, and skelp will be added to the present product mix. 


Heralded as the greatest advance in car battery development in 40 years, Exide 
announced its Ultra Start battery. Plates contain silvium, a lead-silver 
alloy,and the grid, which is filled with a new lead composition active 
material in paste form. Electrolyte is milder and pletes are insulated 
with Formax, a new plastic. 


Freeport Sulphur Co., announced the world's largest single sulphur discovery 
in the past two decades at Garden Island Bay at the mouth of the Mississippi 
100 miles southwest of New Crleans. The area is swamp land, and a plent to 


produce §00,000 long tons a year will be in operation in 1953. 


A machine that will increase turbine blades machining time fourfold has been 
reported by A. V. Roe, Canada, Ltd., and Modern Tool Works, Ltd. Called 
the Tracermatic 14-Spindle Duplicator, the unit will machine 14 finely- 
surfaced bledes simultaneously. Slower setup time and lower machining 
speeds than single blede machines reduce the overall increase in pro- 


duction to four times the production of present methods. 


AEC hes accepted two proposals for private firms to study, at their cwn expense, 


the commercial feasibility of manufacturing, processing, and selling radio- 
isotopes. Bendix Aviation Corp., Detroit, and Tracerlab, Inc., Boston, sre 


the firms. 


Zirconium, coated with copper, prevents oxidation during extrusion at 1500°F and 
also prevents seizure of the metal by the dies. 


Uranium and vanadium have been produced by electrolysis from fused salts. 


Although it has been established that columbium, a critically short material, does 
not stop pitting in 18-8 stainless, it is still frequently spedified for 


that purpose. 


There are more than 20 electrolytic and other processes being investigated for 
the production of titanium. 


$10 million is being loaned Pittsburgh Steel Co. by Chrysler and Packard cn the 
provision that the company ship these auto producers i_million tons of steel 
over a 5-year period. Chrysler is putting up $8 million and Packerd $2 


million, and will receive proportionate shares of steel. Similer agreenents 
were consummated recently between Jones & Isughlin and General Motors and 
Republic Steel and General Motors. 
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@ Increased Metal Output @ Improved Product Quality @ Increased Furnace Life @ 


Through New Developments In 


Metallurgical 


Refractories 


7 Dy ry 
and 
tt McD 
if 44 
+ + + + 
EFRACTORIES in nonferrous ase. CASS, [PAN ck are used economi- 
prise a broad and widely divé : position to the skewbacks. 
Smelting of ores, electrolytic reduction; 1 att oft: bas ctories have been 
refining operations are included. In the g@lEgtion of wanels br Whpul fstalled both with 
refractories for furnace construction, an i sthel ca 
bination of different types would be one z te} pre brick, hard- 
the service life of the refractories in ever; part high-magnesia 
the furnace would be approximately ad—end hard- 
Since certain parts of furnaces generally and) forsterite 
quired to withstand more severe treatment pyalu- 
others, the most vulnerable portions usually f on. 
to be reinforced by the use of more durable refrat case 1eT 
tories than are required for the remainder of t Bus} bares +++ + 
construction. When the most vulnerable points ar te h et aces, 
strengthened, not uncommonly the furnace can be L 
operated at higher temperatures and consequently wot eek 4 $+ 
produce greater tonnages. New weak spots may Te 
then develop and other refractory problems occur >, 
The solution seems never to approach perfection. A par ete 
classification of refractories is given in Table I a @igmicatty 
Basic Shoulders and Roofs ringstt the Pe 
Copper reverberatory furnace roofs built of con- brick, ¢ de 
ventional silica brick and used under moderate op- constru 
erating conditions may remain in service for a veal ribbed rmE rod ~~ 
» used, as 
or longer. Yet, when a major repair is necessary, 
The saw 

usually the central roof section is still of sufficient avoids a con 
thickness to render longer service if the section ad- shoulder and 


jacent to the skewbacks had not been consumed. In 


W. F. ROCHOW and J. S. McDOWELL are associated with 
Harbison-Walker Refractories Co., Pittsburgh 
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In copper reverberatory furnace roofs, basic re- 
fractory panels are used in some cases adjacent to 
the skews, extending to as much as 54 in. from the 
skew. The basic central section of the roof, which 
consists of silica brick, is consumed much in ad- 
vance of the basic shoulders. While the use of super- 
duty silica brick in the central section may be ex- 
pected to accomplish a better balance, these have not 
been tried in the combination basic and silica copper 
reverberatory furnace roofs. However, super-duty 
silica brick in complete roofs of several copper re- 
verberatory furnaces show favorable contrast over 
the usual silica brick of the highest quality. 

The super-duty silica refractory is a relatively 
new development and has contributed greatly to 
longer life and greater tonnages. This is true par- 
ticularly in the roofs of basic open hearth steel fur- 
naces, where normal service at best is shorter than 
in roofs of furnaces in many nonferrous metallur- 
gical operations. As governed by operating condi- 
tions of some open hearth furnaces, the super-duty 
silica brick are used most economically as roof 
shoulders, with conventional silica brick of good 
quality in the central portion of the roofs. 

In the roofs of some nickel-anode furnaces, the 
super-duty silica brick, (with high-alumina brick 
of the 60 pct class in the shoulders), comprise about 
two-thirds of the length of the roof, and balance out 
satisfactorily in overall life with conventional silica 
brick of lower cost in the remainder of the roof. 


Super-Duty Silica Brick 

Table II graphically illustrates the important dif- 
ference between the conventional silica brick and 
the super-duty silica brick. The lower content of 
alumina, titania and alkalies in the main accounts 
for the higher refractoriness of the super-duty silica 
brick. So far as chemical composition is concerned, 
super-duty silica brick are made to meet the speci- 
fication that the combined fluxes, (alumina, titania 
and alkalies) do not exceed 0.5 pct. The effects of 
these impurities on the melting point of silica are 
illustrated graphically in Fig. 3, in which it is 
shown that 1 pct of titania (TiO,) lowers the melt- 
ing point about 10°F, 1 pet of alumina (AlI,O,) about 
25°F, 1 pet of potash (K.O) about 45°F, and 1 pet 
of soda tNa.O) about 65°F. 

Another significant criterion affording an illustra- 


Table |. Classification of Refractories 


Fireclay Brick Basic Brick 


super-duty *Magnesite Brick Fired 
high-duty <90 pet MgO 
intermediate-duty 90 pet MgO ‘periclase brick) 
low-duty *Chrome Brick Fired 


* Magnesite-Chrome Brickt 


High-Alumina Brick chemically bonded 


Fig. 1—Bonded silica brick roof in basic open hearth furnace 
with sectional basic shoulders. % 


Table 11. Composition and Properties of Silica Brick 


Cenventional Super-Duty 


Chemical Composition, Pet 
Silica, SiO, 95.63 96.33 
Alumina, AlsOs 0.75 0.28 
Lime, CaO 2.60 2.74 
Iron Oxide, FesO, 0.75 0.56 
Soda, Na,O 0.04 0.04 
Potash, 0.15 0.04 
Titania, TiO, 0.08 0.03 
Physical Properties 
Porosity, Pct 25 25 
Refractoriness Under Load 
at 25 psi, °F 3000 3070 
Linear Thermal Expansion 
at 2600 °F, Pct 1.30 1.30 


* Typical average values 


4. 


50 pct alumina *Chrome-Magnesite Brick 


60 pct alumina high fired 

70 pet alumina chemically bonded 

80 pct alumina * Metal Encased Brick 

90 pct alumina chrome-magnesite 

99 pct alumina *Forsterite Brick Fired 

Spinel-Bonded Magnesite-Chrome 

Silica Brick Brick Fired 

super-duty 

conventional Insulating Refractories 


* The ceramic bond consists of magnesium and calcium silicates 
The spinel-bonded refractory is a relatively recent development 


+ The terms magnesite-chrome and chrome-magnesite refer to 


blends of magnesite and chrome ore. The constituent predominat- 
ing is named first 


Fig. 2—Rib ring roof in basic open hearth furnace with 
sectional basic shoulders at back wall. 
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Refractories Developments 


tion of the enhanced properties of super-duty silica 
brick is the load test. Conventional silica brick of 
the highest quality withstand a load of 25 psi up to 
about 3000°F, while super-duty silica brick with- 
stand the same load up to about 3070°F. 

After the advantages of basic shoulders had been 
demonstrated in copper reverberatory furnaces, 
adoption of complete basic roofs for some furnaces 
n which unusually large tonnages are smelted was 
natural. These roofs are suspended. Good designs 
of suspended arches serve not only to relieve the 
refractories of heavy pressures at high working 
temperatures, but to facilitate repairs in sections 
unevenly consumed without interruption of the fur- 
nace operation. The furnaces referred to range in 
width from about 25 to 35 ft 

A new type of hard-burned magnesite-chrome 
basic refractory, described later, holds promise of 
rendering improved service, as compared with the 
usual chemically-bonded magnesite-chrome refrac- 
tory 

High-Fired Chrome-Magnesite Refractories 

The use of special hard-fired chrome-magnesite 
refractories in copper, nickel, lead, and aluminum 
furnaces has increased. Some desirable physical 
properties of this refractory are attributable to the 
unusually high temperature at which the brick are 
fired. It logically follows that its constancy of vol- 
ume in high temperature soaking heats is good. The 
strength at high temperatures, as measured by a 
laboratory test of power pressed rectangular shapes, 
is such that it withstands a load of 50 psi up to the 
temperature of about 3000°F. Spalling resistance is 
higher than that for other prefired basic refractories 
In strongly reducing atmospheres at high tempera- 


Fig. 3—Etfect of certain impurities upon melting behavior 
of silica. Eutectic mixture 3) pct K.O, 69 pct SiO. melts at 
1385 °F. Eutectic mixture 26 pet Na.O, 74 pct SiO, melts 


at 1460°F 
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9 94 92 90 88 
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tures, the oxides of iron do not affect seriously the 
chrome-magnesite composition. Its relatively low 
coefficient of expansion is illustrated in Fig. 4. 

Among important uses of the hard-fired chrome- 
magnesite refractory in nonferrous metallurgical 
furnaces is the construction of complete side walls 
and verb arches in copper anode and wire-bar fur- 
naces. It has been used in sprung arch roofs of 
copper refining furnaces where a strongly basic flux 
is employed. It remains to be determined whether 
or not it can be used economically in roofs of re- 
fining furnaces normally operated 

In some lead reverberatory furnaces, the hard- 
burned chrome-magnesite refractory is used in 
lower and upper side walls and roofs, and suffi- 
ciently longer service warrants the additional cost 
over alumina-silica refractories. This refractory 
has high resistance to wetting by molten aluminum 
Advantage of this is taken in the use of the high- 
fired chrome-magnesite refractory in the bottoms 
and side walls of aluminum melting furnaces 
Another important factor in this application is 
avoidance of silicon pickup, especially desirable for 
some alloys. However, high-alumina refractories of 
the 90 pct class, consisting largely of corundum, 
perform these functions fully as well or better in 
aluminum melting furnaces and are more resistant 
to spalling 


Copper and Nickel Converters 

For many years, hard-burned magnesite brick 
having a magnesia content in the range of 82 to 88 
pet was the standard refractory for copper and 
nickel converter linings. After thorough trials of 
all kinds of commercial basic refractories, mag- 
nesite brick remain the established standard for 
converter linings at many smelters. 

There is perhaps not any copper smelting plant on 
the continent where chemically-bonded magnesite- 
chrome brick have not been tried in the converter 
linings. However, few if any of this class of re- 
fractories continue to be used in this application 

The extremely hard-fired chrome-magnesite re- 
fractory has given best results in many copper and 
nickel converters, especially in the tuyere sections 
The reasons for this are none too tangible, and vari- 
ous theories have been advanced. 

Many different combinations of operating condi- 
tions that are not easily interpreted may govern the 
most advantageous choice between the straight mag- 
nesite brick and the chrome-magnesite brick, both 


Fig. 4—Approximate reversible thermal expansion of re- 
fractory brick 


Tecpereture, °¢ 


Linear Exveneton, 


5 
3150 
37100 ; 
| 
1.08 
‘ 
Temereture, °F 


Apparent 
Principal Porosity, Weight, 
Type Bond Minerals . Pet Lb per Cu Ft 
Chrome 
Chrome Fired Spinel 18 to 21 190 to 200 
Chrome- 
Chrome Spinel 18 to 22° 192 to 202 
Magnesite Chemical Periclase 
Chrome- 
Chrome High- Spinel 
Magnesite Fired Periclase 20 to 24 184 to 194 
Forsterite 
Magnesite 
83-88 MgO Fired Periclase 18 to 22 165 to 175 
Periclase 
92-93 MgO Fired Periclase 20 to 26 167 to 177 
Magnesite Periclase 
Chrome Chemical Chrome- 
Spinel 18 to 22° 177 to 187 
Spinel Periclase 
Bonded Chrome- 
Magnesite Fired Spinel 
Chrome Magnesia- 21 to 24 170 to 180 
Alumina 
Spinel 


Forsterite Fired Forsterite 21 to 24 157 to 167 


Porosity determined after heating the brick to remove non-permanent bonding ingredients from pores 
The strength at high temperatures is measured by the temperature of failure in the load test at 25 psi 
to 2850°F. “Excellent” above 2850°F 


perature of failure between 2400° and 2600°F. “Good”, 2600 


Table Ill. Properties of Basic Refractories 


Stability Thermal 


Resistance of Volume Strength Expansion 

te at High at High at 2600°F, 
Spalling Temperatures Temperatures! Pet 
1200 to 2000 Fair Fair Fair 12 
750 to 1200 Excellent Excellent Excellent 2.1 
1100 to 1500 Good Excellent Excellent 12 
2000 to 3000 Fair Fair Fan 2.1 
2200 to 2600 Good Good Fxcellent 2.1 
1000 to 1400 Excellent Good Good 21 
800 to 1100 Excellent Excellent Excellent 1.5 
750 to 1000 Good Good Excellent 18 


‘Fair corresponds to a tem 


of hard burn. Perhaps in not a single instance has 
an analysis of the variables involved in the opera- 
tion of the converter determined which selection is 
best. The grade of the matte, the silica content of 
slag, the thickness of the magnetite coating devel- 
oped, the tonnage per charge and the rate of opera- 
tion are important factors. In any particular case, 
combinations of these factors may account for the 
better results from specific refractories. 

The fired chrome-magnesite refractory differs in 
physical properties from magnesite refractories in 
having lower coefficients of thermal expansion and 
thermal conductivity and higher resistance to spall- 
ing. Differences in chemical composition may be a 
significant cause of difference in behavior when the 
brick are exposed to iron oxides at converter oper- 
ating temperatures. Magnesia can absorb a high 
percentage of these oxides with little deleterious 
effect, while chrome spinels, especially in an oxidiz- 
ing atmosphere, may increase considerably in vol- 
ume. 

A somewhai newer class of magnesia brick than 
the commercial »urned basic magnesite refractory 
is under trial in several copper converters. This 
refractory, accurately named periclase and com- 
monly so classified, is higher in magnesia content 
and lower in other oxides such as silica, lime, ferric 
oxide, and alumina than the conventional magnesite 
brick. For example, the approximate chemical 
analyses are: Magnesite Brick, 82 to 88 pct MgO; 
and Periclase Brick, 91.5 pet MgO. 

Because of this higher degree of purity, the peri- 
clase brick can be fired at higher temperatures with- 
out distortion. In addition to its desirable chemical 
and mineral composition, its physical properties are 
considerably enhanced. In Table III the three types 
of basic refractories seemingly of most interest for 
use in copper converters are compared with others. 

Several decades ago only two general classes of 
basic refractories were available, namely, prefired 
magnesite and chrome brick. Today, many more 
kinds are manufactured regularly and used exten- 
sively. While there is considerable overlapping.in 
their many uses, the distinctive properties of each 
render it particularly suited for certain conditions 
and purposes. Naturally in applications where two 


or more kinds perform equally well, cost governs 
selection. Most basic refractories are used to ad- 
vantage with steel casing or with steel plates in the 
joints for service under extremely severe spalling 
conditions. 

Table III shows in general terms the comparisons 
in the physical properties of the more or less stand- 
ardized classes of basic refractories now manufac- 
tured in the United States. 

Manufacture of Basic Refractories 

Aside from improvements of basic refractories 
resulting from extensive research, modern methods 
of manufacturing also have contributed greatly to 
improved quality. Among the newest basic refrac- 
tories produced commercially are hard-burned 
spinel-bonded magnesite-chrome brick and hard- 
burned spinel-bonded forsterite brick. The spinel- 
bonded magnesite-chrome brick retain full strength 
at intermediate and high temperatures. This, to- 
gether with high resistance to wetting by cupric 
oxide at working temperatures, should comrnend 
them for use in side walls and roofs of electric cop- 
per melting furnaces. 

An outstanding property of spinel-bonded forster- 
ite brick is a high degree of immunity to the harm- 
ful effects of alternate oxidizing and reducing at- 
mospheres when tested at 2200°F. Other basic re- 
fractories with this property are magnesite brick, 
periclase brick, and spinel-bonded magnesite- 
chrome brick. 

Every available class of basic refractory has been 
used in various parts of copper melting and refining 
furnaces. With the thought of obtaining informa- 
tion for helping select refractories best suited for 
specific conditions, a laboratory study was made of 
the action of copper oxide on basic brick of various 
types and on several other refractories. 

Laboratory Reaction Tests 

The atmosphere of copper melting furnaces con- 
tains appreciable amounts of copper oxide. The 
effect of the oxides upon the refractories may have 
an important bearing upon refractory life. At tem- 
peratures required for smelting and refining most 
metals, there is little or no reaction between the 
metals and the refractories. The oxides of metals, 
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Fig. 6— Reaction tests with 
copper oxide at 2460°F on 92 
pet MgO brick ‘periclase 
Pocket uncovered during test, 
left; pocket covered during 
test, right 


however, at and above the temperatures at which 
they melt or form eutectics with the refractory ox- 
ides, exert a severe fluxing action 

Metallurgical handbooks state that when copper is 
heated in air at temperatures below 1830°F it ox- 
idizes to form cupric oxide (CuO), which is black 
in color. Above 1956 °F cupric oxide decomposes 
without melting, liberating oxygen and forming 
cuprous oxide (Cu.O), which is red. At about 
2250 F, cuprous oxide melts, and at about 2370°F 
it volatilizes. Both cupric and cuprous oxide are 
reduced readily by hydrogen, carbon, and carbon 
monoxide 

Tests were made to determine the effect of cupric 
oxide on various refractory brick at 2460°F. Pockets 
approximately 2'2 in. diam and '% in. deep were 
drilled in the brick. In each pocket, 0.25 lb of chem- 
ically pure cupric oxide was placed; the brick were 
set in a furnace and heated to 2460°F. This tem- 
perature was held for 5 hr, after which the furnace 


Fig. 8— Reaction tests with 
copper oxide at 2460°F on 
magnesite-chrome brick (chem 
ically bonded Pocket un 
covered during test, left; pocket 
covered during test, right. Note 
that top of uncovered brick is 
discolored and that the other 
brick is not 
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Fig. 5—Reaction test with 
copper oxide at 2460°F. Mag- 
nesite brick, left; Periclase 
brick, right 


was allowed to cool. The specimens were then re- 
moved from the furnace and cut in two by sawing 
through the centers of the pockets 

In Test Series I, the copper oxide in the pockets 
was exposed to contact with the kiln gases during 
the entire heating period. In Test Series II, each 
pocket was covered by a half brick of the brand 
being tested and the joints were sealed with a high- 
temperature bonding mortar having a chrome ore 
base. The brick included in Test Series II were 
those that had shown no visible corrosion and rela- 
tively little penetration in the Series I Test. In 
addition, a brick of the 99 pct alumina class was 
included. 

The extent to which the copper oxide slag cor- 
roded or penetrated the brick tested is summarized 
in Table IV. 

A magnesite brick of the conventional type was 
included in Test Series I but not in Series II. In the 
test, the copper oxide penetrated to a depth of 134 


Fig. 7—Reaction tests with 
copper oxide at 2640°F on 
magnesite-chrome brick (chem- 
ically bonded) Pocket un- 
covered during test, right 


‘ 
J 
~~, 
j 


Fig. 9—Reaction tests with copper oxide at 2460°F on 
forsterite brick. Pocket uncovered during test, left; pocket 
covered during test, right. 


in., as shown in Fig. 5, as compared with a penetra- 
tion of 1 in. for periclase brick under the same con- 
ditions. In the penetrated zone, the matrix of the 
magnesite brick was opaque; the edges of the larger 
grains had acquired a dark brown to black stain. 

In the part of the periclase brick that had ab- 
sorbed copper oxide, Figs. 5 and 6, the larger grains, 
consisting of aggregates of periclase crystals, were 
stained blackish brown to black on the edges. The 
matrix was opaque except for small scattered sili- 
cate crystals, probably forsterite (2MgO-SiO.). Both 
the dark stain on the edges of the grains and the 
opacity of the matrix were ascribed to the absorp- 
tion of copper oxide. Depth of penetration was about 
1 in. both in the pocket not covered during the test 
and in the one that was covered. There was no 
visible corrosion in either case. 

As shown in the tables, the depth of penetration 
in chrome brick averaged 11'4 in. in both the un- 
covered and the covered test. This was appreciably 
greater than for any of the other basic brick in- 
cluded in both series of tests. 

In the chemically-bonded magnesite-chrome brick 
with the covered pocket, red (cuprous) oxide was 
present in the penetrated area. In the brick with 


Fig. 10—Reaction tests with copper oxide at 2460°F on 
spinel-bonded magnesite-chrome brick. Pocket uncovered 
during test, left; pocket covered during test, right. 


the uncovered pocket, the penetrated area was 
black. These are shown in Figs. 7 and 8. The 
magnesite-chrome was the only chemically bonded 
brick in the test, and it is believed that the organic 
material in the bond influenced the state of oxida- 
tion of the copper oxide. As used under service con- 
ditions this phenomenon could occur only for a 
short time. 

The microscopic and X-ray examination of the 
area under the slag pocket in the covered test 
showed the presence of chrome spinel, periclase, red 
oxide of copper (Cu.O), and numerous grains of 
metallic copper. This was the only brick included in 
the test in which the presence of metallic copper was 
observed. The large magnesite grains in the affected 
area were colorless, while those in the unaffected 
zone had retained their brown color. This color is 
associated with the presence of inclusions of mag- 
nesium ferrite in the periclase crystals. It is there- 
fore indicated that reducing conditions existed dur- 
ing the test, and that these reducing conditions 
changed the magnesium ferrite inclusions to a solid 
solution of MgO and FeO and reduced part of the 
copper oxide to metallic copper. The organic ma- 
terial in the bond of this brick was probably the 
reducing agent. 


Series I: Slag Pockets Not Covered During Tests 


Corrosion, Penetration, 
In. In. 


Type of Brick 
None visible 


Magnesite 


None visible 


92 pet Magnesia 
(Periclase) 


None visible 


Chrome 


Magnesite-Chrome, None visible 


Chemically-Bonded 


Spinel-Bonded, Mag- None visible 1,4 (bottom pocket 
nesite-Chrome Fired ‘2 (side of pocket) 


Forsterite None visible 


(beyond zone 


of corrosion) 


% ‘bottom of pocket) 
1‘ ‘side of pocket) 


Super-Duty Fireclay 
High-Fired 


Silica, Conventional (beyond zone 
of corrosion) 


None visible 1% 


High Alumina, 90 pet 
lyOs 


None visible 


High Alumina, 99 pct 
AlzOs 


Table IV. Reaction Tests With Copper Oxide 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket 


Series Il: Slag Pockets Covered During Tests 
Corrosion, Penetration, 
Comments In. In. Comments 


No copper oxide re- 
mained in pocket 


No copper oxide re- 
mained in pocket. 


None visible 


None visible 


A small amount of 
black material re- 
mained in pocket. 


None visible 


No copper oxide re- 
mained in pocket. 


None visible 


No copper oxide re- 
mained in pocket. 


None visible 


No copper oxide re- 
mained in pocket 

Three shrink crack 
in bottom of pocket 


No copper cxide re- 
mained in pocket. 


None visible 
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In the brick with the uncovered pocket, the pene- 
trated area contained both oxides of copper, but 
grains of metallic copper were absent. 

Microscopic and X-ray examination disclosed no 
differences in mineral composition between the for- 
sterite brick with the uncovered pocket and the one 
in which the pocket was covered during the test, as 
shown in Fig. 9. In both cases, the copper oxide 
penetrated the brick to a depth of less than 1 in. 
Apparently there was no appreciable chemical re- 
action. The chief constituents present in the pene- 
trated areas, which were black, were forsterite, peri- 
clase, and the oxides of copper. The larger forsterite 
grains had opaque borders and clear centers; the 
smaller grains of forsterite were opaque. Most of 
the periclase grains were opaque, partly because of 
magnesium-ferrite inclusions and probably in part 
because of absorption of copper oxide. Practically 
all forsterite and periclase grains, large and small, 
were coated with copper oxides 

It is believed that the crack in the forsterite brick, 
shown in Fig. 9 at the right, developed during 
cooling. The kiln in which the brick had been placed 
was cooled very rapidly after the test 


Spinel Bonded Brick 

The area penetrated by the copper oxide in the 
spinel-bonded magnesite-chrome brick, Fig. 10, 
consisted of grains composed of aggregates of peri- 
clase crystals and other grains composed of spinels 
surrounded by a matrix of fine silicate crystals and 
opaque material. The silicates were made up of the 
minerals monticellite (CaO-MgO-2Si0O.) and for- 
sterite (2MgO-SiO.). The opaque material, which 
was not identified, was believed to contain the ab- 
sorbed copper oxide 

These observations indicate that the absorption of 
the copper oxide caused no appreciable chemical 
or mineralogical changes in the spinel-bonded mag- 
nesite-chrome brick 

The super-duty fireclay brick in its original con- 
dition contained considerable quantities of mullite 
(3A1L.0,-2Si0.) and free silica, but was lacking in 
corundum. However, the corroded area in the bot- 
tom of the pocket after the test, Fig. 11, contained 
crystals of corundum and another crystalline ma- 
terial that could not be identified. The presence of 
corundum (ALQ,) in the reaction zone suggests that 
the mullite originally present had been decomposed 
by the copper oxide, forming corundum and a sili- 
cate mineral of unknown composition 

Microscopic examination of the penetrated area 
of conventional silica brick, Fig. 11, showed the 
coarser grains of silica discolored and corroded 
X-ray analysis showed more tridymite and less 
cristobalite in the affected zone than in the unaf- 
fected zone. Cupric oxide was found in the pene- 
trated area 

The 90 pet alumina brick as manufactured con- 
sists essentially of corundum grains bonded by 


Fig. 12—Reaction test with copper oxide at 2460°F. High 
alumina brick (90 pct alumina class! 


material containing much mullite. X-ray examina- 
tion of the brick included in the test, Figs. 11 and 
12, showed mullite in the unaffected zone, but not 
in the zone affected by the copper oxide. Apparently 
the mullite originally present had decomposed, as in 
the case of the super-duty fireclay brick, forming 
corundum and an unidentified mineral. 

The manner in which this high-alumina refrac- 
tory of the 90 pct alumina class was affected in this 
test corresponds to its performance in an electric 
copper melting furnace. Used as the arch over the 
cathode charging opening in the side wall, the ex- 
posed end of the brick became impregnated with 
copper oxide to a depth of about 2 in. Only a slight 
reaction was observed. There was a sharp line of 
demarkation between the impregnated zone and the 
unaffected portion of the brick. As the result of the 
expansion difference between the two zones, spalling 
or slabbing occurred. The same cycle (impregnation 
followed by slabbing) was repeated and the ser- 
vice rendered by the refractory was relatively short 

In both series of tests, the 99 pct alumina brick 
showed considerable a»sorption of copper oxide, as 
shown in Fig. 13. The depth of penetration of the 
oxide averaged 1% in. in each test 

Five grams of black cupric oxide powder were 
placed on a platinum crucible lid and set in the fur- 
nace with the brick being subjected to the reaction 
test at 2460 F. During the early part of the hold at 
2460 F, fumes resembling steam arose from the 
crucible lid. These fumes persisted in the furnace 
atmosphere until drawn up the stack. After the 
test, it was found that all the copper oxide had dis- 
appeared from the lid. Not all of it had volatilized, 
however, because part had leaked through a small 
hole in the rim of the lid 

The test was repeated by placing 5 g of cupric 
oxide in an uncovered crucible and exposing it in a 
furnace for 5 hr to a temperature of 2460°F with 
brick being subjected to the reaction test. No fumes 
were detected during heating, and after cooling the 
charge had lost only 10 pct of its original weight 
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Fig. 11— Reaction test with 
copper oxide at 2460°F. Left 
to right: High alumina brick 
90 pct alumina class); Silico 
brick; High-fired super-duty 
fireclay brick 
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Fig. 13—Reaction tests with copper oxide at 2460°F on 
corundum brick (99 pct alumina). Pocket uncovered during 
test, left; pocket covered during test, right. 


The residue was dark reddish-brown when pul- 
verized, and X-ray analysis showed it to be chiefly 
cuprous oxide with some cupric oxide. Thus, most 
but not all of the loss in weight resulted from loss of 
oxygen. During heating, the oxides crept up the 
sides of the crucible. After cooling they left a black 
discoloration up to about % in. above the bottom. 

The reason for the difference in results of the 
two tests is not known, but there was greater ex- 
posed area in the first test and in the second test the 
sides of the crucible extended slightly more than 1 
in. above the level of the oxide. This protected the 
oxide from full contact with the furnace gases 

In anotXer trial, a weighed charge of cupric oxide 
was placed in the lid of a platinum crucible that was 
bent into the form of a cup and set in a small de- 
pression in a base formed of a high-alumina cement 
During the heating at 2460°F, part of the oxide 
travelled up and over the sides of the lid and was 
absorbed by the supporting cement. It was not pos- 
sible, therefore, to tell how much of the copper 
oxide had volatilized. After cooling, no oxide re- 
mained in the crucible lid, which had a black dis- 
coloration, both top and bottom. 

In the tests of Series I, in which the slag pockets 
were not covered, there was a noticeable tendency 
for the slag to creep up over the sides of the slag 
pockets. This did not occur in the tests of Series II, 
where the slag pocket was covered. 

In comparing the brick with th» slag pocket not 
covered (Series I) with brick with the slag pocket 
covered (Series Il), there was a marked difference 
in the shape of the penetrated areas in the case of 
both the fired and the chemically-bonded magnesite- 
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Fig. 14—Photomicrograph of polished section of used 
chrome-magnesite from roof of electric furnace. Reflected 


light, magnification 100X. A—Chrome spinel; B—Periclase; 
C—Magnesium silicates, mainly forsterite with some monti- 
cellite; D—Metallic copper; E—Void 


chrome brick, less difference with the 90 pct alumina 
brick, and no noticeable difference with the 92 pct 
magnesia (periclase) brick. Possibly one reason 
for the difference in behavior in the Series I and 
Series II tests is that in the open pockets any fumes 
formed were swept away by the furnace gases, while 
in the closed pockets the fumes were confined and 
therefore in contact with the brick during the entire 
period of heating. 

Some of the minerals in the zone penetrated by 
the copper oxide could not be identified. There were 
two reasons for this. First, in most of the brick 
tested, the groundmass between the larger grains 
had become opaque. Second, optical and X-ray data 
on copper silicates is lacking. 

In Test Series I, corrosion of the super-duty fire- 
clay brick and of the silica brick was marked, but 
corrosion of the other brick in the test was not 
visible. The brick showing the least penetration by 
the copper oxide were the 92 pct magnesia (peri- 
clase) brick, the chemically-bonded magnesite- 
chrome brick, the spinel-bonded magnesite-chrome 
brick, and the forsterite brick. 

In Test Series II, there was no visible corrosion 
of any of the brick included in the test. The copper 
oxide penetrated more deeply into the chrome brick 
than into the periclase, chemically-bonded chrome- 
magnesite, spinel-bonded magnesite-chrome, or for- 
sterite brick. 

Examination of the test specimens indicated that 
those most resistant to corrosion or penetration by 
the copper oxide were periclase, spinel-bonded 
magnesite-chrome, chemically-bonded magnesite- 
chrome, and forsterite. However, the results do not 
show conclusively which would give best service in 
contact with copper oxide. The periclase brick, 
considering the average of the two tests, showed 
somewhat more pronounced penetration than the 
other three. The forsterite brick developed a verti- 
cal crack during the covered test. This may or may 
not be significant. The chemically-bonded mag- 
nesite-chrome brick apparently was wetted by the 
copper oxide melt. The spinel-bonded magnesite- 
chrome and the forsterite brick were not wetted. 


Roof Brick Examination 

In a copper electric furnace producing a premium 
grade of copper, a roof was built of chemically- 
bonded chrome-magnesite brick. When the furnace 
was shut down for repairs, a sample was taken of 
the roof brick that had been in service throughout 
a furnace campaign. The roof, originally 9 in. thick, 
had worn back to 6% in. On the brick surface ex- 
posed to the furnace atmosphere and in the joints 
between the brick, there were beads of metallic 
copper coated with black oxide of copper. 

From one of the roof brick, a small sample was 
cut at a point about 4 in. from the inner surface 
(that is, about 24% in. from the outside surface). 
From this sample a polished section was prepared. 
A photomicrograph of the polished section is shown 
in Fig. 14. One of its most striking features is that 
it contains numerous small particles of metallic 
copper disseminated throughout the entire section. 
On the larger grains of copper, a coating of copper 
oxide can be detected. Except for the presence of 
the copper particles and for the dark color of the 
matrix caused by absorption of copper oxide, this 
section has the typical appearance and structure of 
a chemically-bonded chrome-magnesite brick ex- 
posed to moderate temperatures 
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Tungsten ... 


A Critically Needed 


UNGSTEN, although a minor element in view of 
the amounts used, is of major importance in to- 
day's technology. The development of high-speed 
steels, the electric light filament, and the tungsten- 
carbide cutting tools, rank with the greatest indus- 
trial achievements of all time. The United States has 
played a significant role in the application of tung- 
sten to industry. In 1900, Taylor of the Bethlehem 
Steel Co. exhibited the use of tungsten-steel alloy 
as a high-speed tool steel, and in 1909, Coolidge of 
the General Electric Co. achieved the conversion of 
the most refractory metallic substance into é fine 
duct.le wire. Consumption in the United States dur- 
ing recent years of about 33 pct of the world produc- 
tion of tungsten gives evidence to the role played by 
this metal, and the increasing applications and uses 
of tungsten and tungsten alloys. Because of the dif- 
ficulty of maintaining a steady supply of tungsten 
ore—65 pct of the United States supply being im- 
ported—many attempts have been made to find sub- 
stitutes. These have not to any appreciable extent 
diminished the strategic importance of tungsten to 
industry and the defense effort 
The chief use of tungsten is in the manufacture of 
ferrous tungsten alloys and tungsten carbide, the 
former accounting for about 90 pct and the latter for 
about 5 pet of the yearly consumption of tungsten 
in the United States. It is largely because of these 
ferrous tungsten alloys, which are predominantly 
tool steels, that great industrial advances have been 
1ade since the beginning of this century. Other 
smaller uses of tungsten are for the production of 
nonferrous alloys, electrical equipment, and tungsten 
compounds 


Defense Element 


by Chung Yu Wang 


Other than high speed tool steels, to be described 
later, the ferrous alloy tool steels can be grouped as: 
1—Oil hardening nondeforming steels; 2—Tungsten 
finishing steels; 3—-Low alloy top steels; 4—Tung- 
sten chisel steels; 5—Wortle die and self-hardening 
steels; 6—Die steels for hot work; 7—Die steels for 
cold work; and 8—Graphite steels. They are used for 
taps, reamers, chisels, broaches, bushings, gauges, 
dies, and punches. Altogether there are about 25 
types of these tools The properties that render these 
types adaptable for the particular kind of work to 
be done depend upon the amount of tungsten and 
chromium present in the steels, which in rare cases 
may contain small amounts of molybdenum, vana- 
dium, or nickel. It is pertinent to mention that there 
are more than 200 different proprietary commercial 
tool alloys manufactured in the United States at the 
present time. They are for the most part protected 
by patents or by trademarks, and by variation of 
compositions cover a wide range of uses 

Of all the tungsten tool steels, the most important 
is the tungsten high-speed steel. The main charac- 
teristic of high-speed steel tools is that they main- 
tain a sharp cutting edge at working temperatures 
far above those that ruin carbon-steel tools. This 
property is generally known as red-hardness and 
develops at 700° to 800°C. The cause of red-hardness 
has not yet been explained satisfactorily. 

A prominent mechanical engineer estimated that 
high-speed steel made possible the production in 5 
days what otherwise would have required 6. The 


CHUNG YU WANG is Director of Research for the Wah Chang 
Corp., New York 
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original type of high-speed steel is the so-called 
18-4-1 type, containing 18 pct W, 4 pct Cr, and 1 pct 
V. There are now two principal representative types 
in common use; the tungsten types and the tungsten- 
cobalt types. Under the former are the 18-4-1, 18- 
4-2, 14-4-2, and 18-4-3 types; under the latter are 
the 18-4-1 plus 5 pet Co, 18-4-2 plus 8 pct Co, 18- 
4-2 plus 5 pet Co and 20-4-2 plus 12 pct Co types. 

Ferrous alloys other than tool steels are the tung- 
sten magnet steels and tungsten stainless and heat- 
resisting steels. Some tungsten magnet steels contain 
only few percentages of tungsten and chromium 
while others contain high percentages of cobalt, be- 
sides the usual percentage of tungsten and chro- 
mium. The tungsten stainless and heat-resisting 
steels are used for exhaust valves of aircraft engines, 
bolts and turbine parts, and distilling tubes in oil 
refineries. Their composition varies according to use. 
For example, the valve material contains 1 to 25 pct 
Ni in addition. There are about 100 different propri- 
etary commercial ferrous alloys other than tool steels 
now manufactured in the United States. 

Of the nonferrous alloys, Stellite, a cobalt- 
chromium-tungsten alloy, is the most important. As 
a cutting tool it was first placed on the market in 
1913 by Haynes, its inventor. When iron is added to 
it, the resultant alloy is termed Festel metal. The 
various Haynes-Stellite alloys retain a higher hard- 
ness above 1100 °F than the best high-speed steel. A 
typical form of Stellite has an approximate analysis 
of: 35 pet Co, 33 to 35 pet Cr, 10 pet W, and 1% to 2 
pet C. Because the alloys possess good resistance to 
corrosion and good wear resistance, they find use in 
equipment dealing with acids and other chemicals, 
excavating equipment, dies and punches, and shears 
for hot metals. 

Copper-tungsten and silver-tungsten alloys are 
used as materials for switches, circuit breakers, and 
other switch-gear. The so-called heavy metal is a 
tungsten-nickel-copper alloy containing 342 to 164 
pet Ni, 14% to 134» pet Cu, and 83 to 95 pct W. Be- 
cause of its high density, it is largely used as mate- 
rial for radium containers, and rotors of gyroscopes. 


Tungsten Carbide 

This is indeed a carbide era. During World War II, 
the Germans were the first to use tungsten-carbide 
cores in high velocity armor-piercing projectiles. It 
was these tungsten projectiles more than Rommel 
that almost made Germany's North African campaign 
a success. Two years later, the United States Army 
perfected similar anti-tank projectiles which were 
used to stop Von Rundstedt’s Belgian Bulge. 

As production increases for the defense emer- 
gency, the use of carbides for the production of air- 
craft, shells, and tanks, assumes even greater im- 
portance. It has been said that 1 lb of tungsten car- 
bide for cutting tools will do the work of 70 to 100 
lb of tungsten in high-speed tool steel. Tungsten 
carbide tools containing 3 to 20 pct cobalt are used 
for cutting cast iron, nonferrous metals, and non- 


General U. S. Imports, by Countries, of Tungsten, 
For First Six Months of 1951 


Lb Contained 


Country Tungsten 
Australia 408 656 
Belgian Congo 105,047 
Bolivia 435,700 
Brazil 441,482 
Br. East Africa 19,096 
Burma 75,255 
China 26,384 
Korea 15,810 
Japan 47,720 
Mexico 88,053 
New Zealand 1,313 
Peru 227,138 
Portugal 71,971 
Siam 298,370 
Union South Africa 650 
Total 2.262.645 


metallics. The material is also used for dies for draw- 
ing and blanking, and wear resistant machine parts. 
Steel cutting tools are predominantly tungsten car- 
bide, with either or both tantalum carbide and tita- 
nium carbide, and cobalt. Although tungsten carbide 
(WC) as a compound was prepared by Moissan as 
early as 1896, it was not until 1919 that Lohman 
made tool and die materials chiefly of this material. 
In 1927, Krupp patented a mixture of tungsten car- 
bide cemented with up to 10 pct Co under the name 
of Widia, and this material is the basis of the modern 
tools. 

Tungsten carbide has become an important mate- 
rial for rock drilling during recent years. It was in 
1939 that the Germans first investigated its use for 
rock drilling. During the war years the Coromant 
line of drills, employing tungsten carbide, as de- 
veloped by the Sandvick Steel Works Co. in Sweden, 
were used extensively in Sweden and Norway. Now, 
American carbide manufacturers in conjunction with 
rock-drill manufacturers have developed noteworthy 
tungsten carbide bits as well as having improved 
techniques for their use. 

M. L. McCormack of the Ingersoll-Rand Co. gives 
the following advantages of carbide insert bits as 
against ordinary steel bits for rock drilling: 1—Drill 
50 to 100 pet faster; 2—Increase production 20 pct 
or more; 3—Consume 30 pct less drill steel; 4—Save 
up to 30 pet on dynamite; 5—Reduce compressed air 
requirements at least 40 pct; 6—Reduce maintenance 
costs 20 to 65 pet; 7—Drill 50 to 400 times more hole 
footage per bit; 8—Permit use of lighter drills and 
longer steels; 9—Require less shop equipment; and 
10—Save up to 50 pct in man hours. 

Although the use of tungsten for the manufacture 
of filament wire, rods, contacts and other electrical 
uses is extremely important, this use represents only 
about 1 pct of the total annual consumption in the 
U. S. With regard to the manufacture of lamp fila- 
ment, it is estimated that 1 lb of tungsten drawn into 
a wire 8.5 miles long, and 0.00183 in. diam provides 
filaments for 23,000 60-watt lamps. 


Preliminary Data for First Half of 1951 on Tungsten, Short Tons of 60 Pct WO, 


Mine Imports for 
Cc i 


Industrial Stocks at End of Period 


Domestic 


Con- Consumers 
Producers Total 


pti and Dealers 


Production Shipments P 


Period, 1951 


Ist Quarter 1425 1332 456 
2nd Quarter 1523 1663 


3318 4379 378 4757 
3332 4302 238 4540 
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Fig. 1—Flowsheet for production of tungsten powder 


Phospho-tungstic acid in conjunction with phospho- 
molybdie acid is used in the preparation of lakes o1 
pigments for the printing-ink industry. Sodium 
tungstate, mixed with a small amount of ammonium 
phosphate and ammonium sulphate, is used for flame- 
proofing and water-proofing materials 

These multitudinous uses of tungsten—in the field 
of hard alloys and in the field of fabrication of 
armor plate, gun barrels, the cores of small arms 
and large-caliber armor-piercing projectiles—show 
clearly its utter importance in any war effort. Under 
present world tension and in preparation for an 
eventual emergency, the role tungsten has played 
in the past and is going to play in the future is evi- 
dent. It is pertinent to mention that, according to 
Ralph C. Stuart of the Westinghouse Electric Co., 
tungsten was used in 15,000 different types of war 
items during World War II 

The imminence of possible shortage of tungsten 
under war conditions in the past has given impetus 
to metallurgical search for at least a partial sub- 
titute for tungsten. Since molybdenum has to a 
great extent the chemical and physical qualities of 
tungsten, it has been used in partial substitution for 
tungsten. A series of molybdenum-tungsten high- 
speed steels have been developed during recent 
vears and are known to possess particular properties 
uitable to certain types of work. For instance, it has 
been reported that several large automobile com- 
panies in the United States have adopted a so-called 
molybdenum high-speed steel as a standard. Its rep- 
resentative compositions are: 0.80 pct C, 4.2 pet Cr, 
5.0 pet Mo, 2.0 pet V. and 6.5 pet W. This steel is 


equal in some respects to the standard 18-4-1 type 
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of high-speed tool steel. However, the toughness of 

this kind of steel is not comparable to those with 

high tungsten contents and the difficulties encoun- 

tered in heat treatment of these steels are greater. 
Beneficiation 

Each type of tungsten deposit is a separate prob- 
lem in the matter of selection of the proper method 
of concentration. Methods generally adopted for con- 
centration of tungsten ores and for improvements of 
their concentrates are: gravity, flotation, magnetic, 
electrostatic, pneumatic, float and sink, roasting and 
leaching. The amenability to treatment of the ores 
or of their concentrates with respect to any of the 
methods or a combination of methods depends upon 
the types of ores or concentrates and their associated 
minerals and impurities. 

Most tungsten deposits are of low grade. The lowe1 
limit of the grade of ore that can be concentrated 
profitably depends primarily upon the market value 
of the concentrate. For instance, 0.5 pet WO, ore may 
not be profitably concentrated if the unit price of 
the concentrate is $10 to $15 whereas at $20 to $25 
it would be commercial. The great majority of the 
scheelite ores mined in the United States carry from 
0.4 to 1.0 pet WO,; the Bolivian ores, 2.0 and even 
as high as 5 pet; the Chinese ores, 1.0 to 3.0 pet; the 
Mawchi ores (Burma) 1.5 pet WO, and 2.0 pet Sn 

The aim of the beneficiation of tungsten ore is to 
produce a concentrate containing at least 60 pct WO 
with impurities controlled to meet any particular 
requirements. The percentage of recovery varies with 
different classes of ore. For instance, with scheelite 
ore, using the usual gravity methods of concentra- 
tion, 60 to 65 pet recovery is considered fair and an 
80 pet recovery rather exceptional; with wolframite 
ore, an average 70 pct recovery is fair, 80 to 90 pct 
recovery exceptional. Attempts at a higher percent- 
age recovery may yield a concentrate very much 
below 60 pct WO,,. 

A typical plant for the treatment for semi-concen- 
trates is the Wah Chang plant for concentrating tung- 
sten. In this refining treatment major emphasis is 
placed upon the removal of impurities. The more 
detrimental impurities in tungsten concentrates are: 
sulphur, phosphorus, copper, tin, arsenic, antimony, 
bismuth, molybdenum, lead, tantalum and colum- 
bium. Silica and alumina are minor impurities 

The metallurgy of tungsten is unique in that, be- 
cause its melting temperature (3410° plus or minus 
20°C) is the highest of all known metals, it cannot 
be handled like ordinary metals. Hence, treatment 
of the ore for the production of metallic tungsten 
involves processes whereby intermediate products 
are first obtained. The usual intermediate product is 
tungstic acid. Metallic tungsten is then produced in 
powder form from treating this intermediate product, 
as shown in Fig. 1 

The use of sodium carbonate for fusion in a ro- 
tary furnace is generally adopted for wolframite ore 
However, digestion with caustic soda under pressure 
would form an ideal process for the treatment of 
such ore. For scheelite ore, decomposition with 
acids, preferably hydrochloric acid is the usual prac- 
tice. The most practical method of purifying the 
sodium tungstate obtained is to transform it to am- 


monium para-tungstate. 

Most of the tungsten ores now produced go into 
the production of ferrotungsten which is used for the 
manufacture of tungsten tool steels. The alumino- 
thermic, silico-thermic, and electric furnace methods 
are used for the manufacture of ferrotungsten 


Fe 
ye 


For the manufacture of tungsten tool steel, the 
electric arc furnace or the coreless furnace methods 
have largely replaced the older crucible method. The 
charge is made up of steel scrap and ferrotungsten 
or tungsten concentrate. The general trend in recent 
years with regard to the form in which tungsten is 
introduced into steel is toward the increasing use of 
high-purity tungsten concentrates as against the de- 
creasing use of ferrotungsten. This is evidenced from 
the following table: 


1945 1946 

Total consumption in form of ferrotungsten, pct 50 35 
Total consumption in form of high-purity tung- 

sten concentrates, pct 13 28 


The manufacture of cemented tungsten carbides 
is effected today by going through the following 
steps: 1—After ball-milling the tungsten powders 
with the necessary amount of lampblack to form 
WC, the mixture is heated for 2 to 3 hr at about 
1500°C; 2—The milled carbide is ball-milled with 
cobalt in a steel bottle for a period up to 60 hr; 3— 
The ball-milled mixtures are pressed in molds with 
a pressure up to 30 tons per sq in.; 4—The molded 
articles are subjected to a prefiring treatment at be- 
tween 800° and 1000°C for about 30 min; and 5— 
The shaped articles, packed in alumina, are finally 
sintered at 1400° to 1500°C for 30 to 60 min in a 
hydrogen atmosphere. 

With regard to the manufacture of tungsten car- 
bide the Wah Chang Corp. has recently introduced 
a process whereby the carbide is made direct from 
unpurified concentrates and tungsten bearing resi- 
dues. The process eliminates the costly prepurifica- 
tion or refining of tungsten ores and allows their re- 
duction and handling in a manner which cuts down 
much of the labor and time required bv the present 
day tedious methods of extraction. To illustrate the 
nature of this process the following example is given 
in Patent No. 2,535,217 issued to K. C. Li and C. M. 
Dice. The ore and residue treatec. had the following 
analysis: 


wo Sn Fe ca As Ss sio c 
Ore, pet 51.27 3.3 15.45 029 023 0.70 5.65 
Residue, pct 2.72 23.84 11.70 «60.09 0.13 0.60 12.58 2.68 


The charge was formed by mixing 100 parts by 
weight of tungsten oxide bearing material with 20 
parts by weight of bituminous coal (about 12 pct 
ash). The tungsten oxide bearing material was a 
mixture of 66.7 pct by weight of the ore and 33 pct 
by weight of the residue. The charge was smelted 
for 4 hr at 2700°F. The resulting metallic alloy (tin- 
iron) was cooled, crushed, and leached in an aqueous 
solution of hydrochloric acid. The residual tungsten 
component was tungsten carbide (WC). It contained 
85.61 pct of the available tungsten in the charge; the 
remainder of the tungsten values found in the leach 
liquors and slimes was recovered and recycled in 
the following smelting charge. The carbide thus pro- 
duced contained only a trace of impurities such as 
phosphorus, copper, arsenic, tin, and iron. 


Tungsten Resources 
The glaring fact that the tungsten resources of 
China alone amount to four times those of the rest 
of the world put together should be noted. With re- 
gard to tungsten production in the different coun- 
tries, the following figures are given as indicative of 
their potentiality in production: Taking Russia as a 


unit, China's potentiality is 90, Korea 4.3, the United 
States 4, Burma 4, Brazil 2.2, Bolivia 2, Tasmania 1, 
Portugal 1, Russia 1, and the rest of the world taken 
together 2.3. 

During the 25-year period from 1913 to 1937, the 
United States produced 35.5 pct of its requirements 
while U.S. consumption amounted to 30 pct of the 
world production. Both in 1943, when the world 
tungsten production reached its highest mark in his- 
tory, and in 1948 the United States consumed about 
33 pet of world production. In 1943 China, Bolivia, 
Argentina and Brazil supplied about 90 pct of United 
States’ imports; while in 1948 China, Korea, Bolivia 
and Brazil contributed about 80 pct of the total im- 
port. Generally speaking, both in time of war and in 
time of peace, taking 1943 as the norm for the former 
and 1948 for the latter, tungsten requirements in the 
United States were dependent on imports amount- 
ing to about 67 pct of consumption. Thus the United 
States only produced about 33 pct of requirements. 
Now that the sources of supply from China and Korea 
are cut off, and under the stimulus of higher prices 
for tungsten ores (at present $65 per unit of 60 pct 
WO,, about 260 pct greater than the ruling price 
during 1942 to 1945), the sub-marginal tungsten 
mines of the United States can be re-opened to pro- 
duce at least 40 pct of the U. S. requirements 

For the years 1946 to 1948, about 98 pct of the 
domestic production was obtained from Nevada, Cali- 
fornia, North Carolina, Colorado and Idaho (Idaho 
is becoming of less importance) while the other eight 
tungsten producing states produced only about 2 pct. 
China, Korea, Bolivia, and Brazil accounted for an 
average 65 pct of imports for consumption while the 
other 21 tungsten producing regions of the world, 
the balance. Domestic production contributed about 
36 pet of the United States’ total consumption. 

During the present world situation the center of 
tungsten production for the “free world” has shifted 
from the East to the West. Whereas before the present 
communistic dominance of the Far East, China, 
Burma and the Malayan regions furnished about 60 
pet of the world requirement, now their production 
for the “free world” requirement is negligible. The 
requirements of the present emergency have been 
met by production mostly from the United States, 
Bolivia, Brazil, Spain, Portugal, and Australasia. 
Under the stimulus of high prices, the domestic sub- 
marginal resources represent supplies up to 25 years, 
according to E. W. Pehrson of Bureau of Mines. 

During recent months, with the elimination of 
Chinese and Korean tungsten ore from the world 
market, there has arisen a world-wide scramble for 
tungsten ore which has driven prices sky-high. To 
counteract this insupportable situation the Inter- 
national Materials Conference, recently convened in 
Washington, has adopted a scheme for allocation of 
tungsten ore on the basis of estimates of production 
and consumption submitted every three months by 
the producing and importing countries. The countries 
subscribing to the plan are Australia, Bolivia, Brazil, 
Chile, France, the Federal Republic of Germany, 
Portugal, Spain, Sweden, the United Kingdom and 
the United States. 

The diversion of Chinese tungsten supplies to Rus- 
sia is a serious loss to the United States. However, if 
the sea lanes from the other foreign sources of sup- 
ply remain open and if the present high price for 
tungsten ore is maintained as a stimulus for sub- 
marginal production, the present serious shortage of 
tungsten will be overcome in a few years. 
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Rapid Analysis 
Methods In 
Steelmaking 


HE rapid and accurate determination of such 
elements as carbon, manganese, phosphorus, and 

sulphur in the steel bath, before the metal is tapped 
from the furnace, has become a factor of consider- 
able importance in metallurgical control of the melt- 
Ing process 

The amount of 
serves to indicate 
and to form a basis on which to calculate the amount 
of additions required. The amount of phosphorus and 
sulphur present is important, especially in acid prac- 
tice, because of the necessity of not exceeding max- 
imum specification limits imposed for these elements 

National Malleable and Steel Castings Co.'s Sharon 
plant, makes no pretense at analyzing each car of 
purchased scrap for phosphorus and sulphur but a 
visual inspection of each car is made and samples 
are analyzed only from those cars that seem ques- 
tionable. These elements are determined on every 
preliminary sample taken from the bath after block- 
ing the heat, which is a fairly homogeneous and rep- 
resentative sample. Should either element be outside 
the specification limit the heat can hen be poured 
into an ingot, which serves as a convenient form to 
handle the metal for remelting 

Therefore, because of the obvious time limitations, 
methods of preliminary analysis have been stream- 
lined to a considerable extent. The preliminary test 
sample is delivered rapidly to the laboratory through 
a pneumatic tube system. The laboratory itself has 
been arranged to minimize walking and handling by 
the chemists. Likewise, the methods themselves have 
been studied and attempts made to provide equip- 
ment that will facilitate the manipulation 


carbon and manganese 
the chemical condition of the heat 


present 


Carbon Determination 

The carbon determination, for example, is one that 
requires considerable accuracy together with speed 
Magnetic methods, such as the Carbometer and the 
Carbanalyzer, are used at the furnaces to guide the 
melters as the working of the heat progresses, but a 
carbon determination by the combustion method is 
made to check carbon after the block and before the 
amount of the final addition is calculated 

For several years the conventional type of com- 
Gustion furnace was used, but some months ago it 
was replaced with an induction furnace, shown in 
Fig. 1. The induction method seemed to possess sev- 

L. H. ARNER is Chief Chemist, and H. H. JOHNSON is Metal 
lurgist at Sharon Works, National Malleable and Steel Castings Co 
This paper will be presented at the Electric Furnace Steel Con 
ference, Pittsburgh, Dec. 6 to 8, 1951 
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eral advantages, among them being 1—a high com- 
bustion temperature (3000° to 3100°F), which in- 
sures complete fusion of the sample, and 2—a short 
time interval required for the combustion period 
(about 10 sec). The total time required for the deter- 
mination, exclusive of weighing the sample, is less 
than 2 min, and the accuracy is equal to that ob- 
tained using the conventional type of apparatus. 
Among the incidental advantages are such items 
as 1—economy of power consumption, since power 


is used only when the sample is being burned; 2— 
comfort of operation since the furnace does not 
radiate heat, and this also minimizes the trouble 


that heat causes to balances and the titration ap- 
paratus; 3—low accessory cost, such as elimination 
of the cost of large combustion tubes used in the 
conventional method; and 4—low maintenance cost. 

The manipulation is simple. For steels of under 
1 pet carbon, a 1 g sample is weighed into a little 
ceramic couplet and about 0.5 to 0.8 g of tin is added 
as an accelerator. The couplet is placed on a pedestal 
which, when raised by a handle, is placed in the in- 
duction field; and the current is automatically turned 
on. The oxygen passes through the usual purifying 
and drying train before it reaches the sample and 
the rate of flow is determined by a regulator set for 
a flow of about 1's | per min. The flow of oxygen is 
started as soon as the sample is placed in the com- 
bustion zone. An ammeter in the furnace circuit acts 
as a guide to indicate to the operator whether he 
has the proper combustion rate for the particle size 
of the particular sample he is burning. 

The gas after combustion, which consists of carbon 
dioxide, sulphur dioxide, and oxygen, is passed 
through the usual purifying train. This consists of 
a trap filled with glass wool and manganese dioxide, 
which removes the iron oxide particles and the sul- 
phur dioxide, and a heated tube of copper oxide, 
which acts to convert any CO gas present to carbon 
dioxide. The mixture of CO, and oxygen is received 
in the burette of the absorption unit until it is filled 
with gas. Air pressure, controlled by needle valves, 
is used to force this measured quantity of gas into 
the absorption vessel and back into the burette. The 
CO, is absorbed in potassium hydroxide and the dif- 
ference in gas volume before and after absorption is 
a measure of the amount of CO, that was present. 
Although the burette itself is calibrated in percent 
carbon (based on a 1 g sample weight), this reading 
must be corrected to standard conditions of tempera- 
ture and pressure. This is done quickly by consult- 
ing a chart to obtain the required factor and by 
using a slide rule for multiplication. As noted before, 


1—Induction furnace and carbon determination 
apparatus. 
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less than 2 min is required for the manipulation and 
the accuracy is within 0.02 pct carbon for carbon 
contents of less than 1 pct. 

Sulphur Determination 

For many years, the evolution method was con- 
sidered the standard method for sulphur determina- 
tion but in the past few years, the combustion method 
has been developed to the place where it has several 
distinct advantages. Its chief advantage lies in the 
fact that it is faster, approximately 3 min being re- 
quired for the combustion and titration as compared 
to the considerably longer evolution method, with 
no sacrifice in accuracy. 

As for the carbon method, equipment that will 
produce accurate and reproducible results over a 
considerable period of operation has been provided. 

The combustion furnace that has been found most 
successful is of the tube type, which can be main- 
tained at a temperature of over 2500°F over an ex- 
tended period of time. Work is being carried out to 
adapt the induction type of furnace for making sul- 
phur determinations, since the combustion is carried 
out at a quite high temperature in this method, but 
to date the attempts have been partly successful. 

The titration ensemble is conveniently arranged so 
that the burettes for the titrating reagents are 
grouped around the titration vessel. Here again com- 
pressed air, controlled by needle valves, is used to 
fill the burettes from the stock bottles, stored on 
convenient shelves. Fig. 2 shows the sulphur en- 
semble. 

The sample, usually ‘% g, is weighed into a ceramic 
boat, tin added as an accelerator, and the boat placed 
in the hottest part of the combustion tube which is 
at a temperature of 2450° to 2550°F. The sample is 
allowed to preheat for 142 min and purified and 
dried oxygen is passed slowly over it. The stream 
of sulphur dioxide passes through plugs of glass wool 
to remove iron oxide dust and then is finely dispersed 
into the titration vessel which contains a measured 
amount of dilute hydrochloric acid. The titrating 
reagent is a standard potassium iodate-iodide solu- 


Fig. 2—Titration ensemble for sulphur determination. 


tion and 1 ce of starch solution is used as an indi- 
cator. During the time that the SO, bubbles into the 
titration vessel, enough iodate-iodide solution is 
added to maintain a faint blue color. The end point 
is reached when a permanent blue color is obtained. 

The method is accurate to about 0.003 pct sulphur 
and, as indicated, requires about 3 min after the 
sample is weighed. The accuracy of the manipula- 
tion is checked at least every 8 hr by the use of a 
Government standard steel. 

Sources of error that cause most trouble are: 1— 
Combustion temperature less than 2450°F; 2—glass 
wool plug becomes filled with iron oxide dust; 3— 
insufficient dispersion of SO, stream in the titration 
vessel, largely because the gas came over too fast; 
and 4—unsatisfactory combustion boats. 


Phosphorus Determination 


The well known Alkalimetric method for phos- 
phorus determination is used because it permits ease 
of manipulation with reasonable accuracy and speed 
of determination. 

As for the sulphur determination, determining the 
phosphorus content (at least approximately) as 
rapidly as possible is desirable so that it quickly is 
known whether or not it will be less than the 0.050 
pet permissible maximum. In using the Alkalimetric 
method, an experienced operator can judge the phos- 
phorus content after its precipitation as ammonium- 
phospho-molybdate before proceeding with the titra- 
tion. Should the estimate indicate that the phos- 
phorus content may exceed the permissible limit, he 
can alert the furnace operator and then proceed to 
make the actual determination. About 15 to 20 min 
are required to carry the determination to the pre- 
cipitation stage, and an additional 5 min are required 
to filter, wash, dissolve the precipitate, and titrate 
the solution. 

Essentially, the method consists of weighing a 2 g 
sample into a 200 m] Erlenmeyer flask ana dissolv- 
ing it in dilute nitric acid. Potassium permanganate 
is added in excess to oxidize any organic matter and 
then tartaric acid is added to clear the solution. It is 
boiled for about 3 min and then ammonium-molybdic 
acid solution is added to precipitate the phosphorus. 
Since time is required for this precipitation and since 
it is desirable to have the precipitate as coarse 
grained as possible, the flask is placed on a Gyro- 
solver automatic shaker and shaken for 5 min. The 
use of such equipment frees the chemist for other 
work during the precipitation. After the precipita- 
tion is complete, the chemist can estimate the amount 
of phosphorus present by the amount and texture of 
the precipitate. 

The precipitate is filtered and washed well with 
water, after which the paper and precipitate are 
returned to the same flask and an excess of standard 
sodium hydroxide is added over that required to 
dissolve the precipitate. The excess of sodium hy- 
droxide is then measured by titrating with a standard 
nitric acid solution and the difference is a measure 
of the amount of phosphorus present. The accuracy 
of the method is about 0.003 pct phosphorus. 

It has not been the intention of this discussion to 
set forth any unusual methods of analysis, but to 
indicate some of the attempts made to stream-line 
the existent methods. 

Such stream-lining has been largely accomplished 
by the installation and arrangement of equipment 
that would act to minimize efforts on the part of the 
chemist, along the lines indicated. 
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Powdered Metals In 


Electrical Contacts 


responsibility confronting powder 
metallurgy is in supplying the electrical field 
with adequate contact materials. Satisfactory opera- 
tion of electrical equipment depends largely upon 
Creation of high octane 
shortened the life of conventional spark 
An alloy of platinum and tungsten 
extended this life, but the operating temperature 
caused recrystallization of the alloy and subsequent 
growth. Hot combustion attacked 
grain boundaries and caused disintegration 
The same proportions of platinum and tungsten pre- 
pared from metal powders in the form of a com- 
pound rather than as an alloy, combined with a 
grain growth inhibitor, permitted operation at tem- 
peratures as high as 1200°C and increased the use- 
ful life of the spark plug electrodes 

The increasing application of improved domestic 
has outmoded the fuse box 
Household circuit breakers are produced by at least 
five manufacturers. The contacts; with approxi- 
mately 0.030 sq in. of surface area, usually are made 
metal such as 
Where low 


performance of contacts 
gasoline 


plug elec trodes 


grain gases of 


these 


electrical equipment 


of a combination of a 1 


tungsten o1 


fractory 
molybdenum, with silver 


R. K. BEGGS prepared this paper from lectures given at Stevens 
He is now Process Engineer for P. R 
Indianapolis, Ind 


Institute of Technology 
Mallory & Co 
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contact current 


resistance is required and higher 
hardness and wear resistance can be sacrificed, silvet 
may be combined with certain oxides such as those 


of lead, tin, cadmium, and zinc. These contacts must 
break 110 v at 5000 amp for approval by the Na- 
tional Bureau of Underwriters. Tens of thousands of 
these contacts, which can be produced only by the 
technique of powder metallurgy, are placed in ser- 
vice every month 

The automotive industry uses more than 100,000,- 
000 contacts annually. A single telephone office 
serving 10,000 subscribers may contain more than 
2,000,000 contacts, most of which are of the precious 
metal type. Only a small portion of this vast quan- 
tity of contacts is produced by powder metallurgy, 
but production demands are constantly increasing 
as more is learned of the advantages of this method 

There are three general classifications of contact 
application: 1—Arcing, 2—-Sliding, and 3—Make- 
and-Break. Arcing contacts are represented by 
spark plug electrodes, and arcing tips for circuit 
breakers and high frequency boards. The physical 
requirements for materials used are usually ex- 
tremely high melting and vaporization points, re- 
sistance to wear, and electrical erosion. Electrical 
conductivity is, as a rule, of secondary importance 

Sliding contacts are used where a continuous flow 
of current is required between a moving part and 


Fig. 1— This assortment of 
contacts includes a wide range 
of metals. Platinum and plat 
inum group alloys, as well as 
gold, silver, and copper are 
frequently used in combina 
tion with tungsten or molyb 
denum for small relay contacts 
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a fixed part. Direction finders, commutator rings 
and brushes, current collectors and wires for elec- 
tric railways, and the complicated equipment for 
radar are specific applications. 

The classification of Make-and-Break contacts 
covers all cases where current flow is established, 
interrupted, or broken. Physical requirements for 
material in Make-and-Break contacts are much 
more exacting than in either of the other types. 

No one metal nor any particular combination of 
metals can be classified as an all purpose electrical 
contact material. Each application presents its own 
requirements of physical properties. The successful 
functioning of a set of contacts depends entirely 
upon how they respond to the three musts of any 
contact material: 1—They must successfully close a 
circuit; 2—They must become an integral part of 
the circuit for a controllable period of time; 3— 
They must open the circuit. 

Contacts made by powder metallurgy techniques 
are generally metallic compounds or mixtures rather 
than alloys. They may include controlled percent- 
ages of oxides, borides, nitrides, etc. They may be 
combinations of metals which will not alloy or are 
difficult to alloy in the percentages desired, such as 
silver and nickel, or platinum and tungsten. They 
may be made of metals that will alloy, but where 
the resulting alloy is so hard and brittle it cannot 
be worked, such as platinum and osmium or silver 
and germanium. 


Design of Contacts 


Where the design engineer and the powder metal- 
lurgist work with each other, economies may be 
effected both in the design and fabrication of the 
contact. The design engineer must have the follow- 
ing information: 1—Magnitude and type of current 
to be passed; 2—Voltage; 3—Speed and pressure on 
closing; 4—Effect of the closing bounce; 5—Open- 
ing force and speed it is applied; 6—Width of gap 
when open; 7—Frequency of operation; 8—Ambient 
temperature; 9—Allowable temperature limits; and 
10—Allowaple surface resistance caused by oxide 
or sulphide films. 

With this information, the first requirements of 
specific physical properties of contact material are 
drawn from the nature of the contacting or closing. 
To arrive at these requirements, size and speed of 
closing of the contacts must be considered. Size is 
governed by the current load, with consideration 
being given to the thermal and electrical conduc- 
tivity of the material to be used. 

In case of low voltage and low current, with rela- 
tively high speed and pressure, the closing function 
does not present many complications. When a heavy 
contact is required to carry a high current, however, 
the problems become more complex. Considerable 
momentum will be dissipated when the contacts 
close. If the contacts are hard and rigid, there may 
be bouncing action that will be an indefinite series 
of openings and closings, each of which may be 
accompanied by arcing. At the base of these arcs, 
the temperature may be high enough to melt minute 
particles of the contact material, and cause the con- 
tacts to weld together. Even if they do not weld, 
they can become so badly eroded that they may 
become mechanically locked together. 

A major factor to consider is the effect of ambient 
atmosphere upon the contact material. Chemical 
films of a dielectric nature may form on the contact 
face. A wiping action is sometimes used to break 


through this film. This action introduces a new ele- 
ment to be considered—wear resistance. 

After the contacts are closed and are an integral 
part of the circuit, specific physical requirements 
must be met by the contacts: 1—High electrical con- 
ductivity (and specific heat) so as to prevent exces- 
sive heat from developing in the contact member; 
2—High contact pressure and a minimum of di- 
electric surface film so as to provide low contact 
resistance; and 3—High thermal conductivity of 
both contact and backing material so as to dissipate 
such heat as is developed away from the body of 
the contact member. 

With these three requirements favorably set so 
long as the contacts remain closed, a continuous 
flow of current is effected, but when the circuit is 
opened a new set of conditions arise. 

The most important factor during opening of a 
circuit is the behavior of the contact material under 
arcing. This has been simplified to a great extent 
by the development of quench circuits, are disper- 
sion arrangements, etc. 

Considerable data have been compiled on the 
effects of erosion due to arcing upon the opening of 
a set of contacts. This erosion causes loss of metal 
through actual melting and vaporizing. Also, con- 
siderable metal may be transferred, having the 
effect of building a cone on one face and a corres- 
ponding crater on the other. This condition is true 
principally in de circuits. In extreme cases, this 
cone can become sufficiently high to short out the 
opening. 

Table I shows 28 elements mentioned most fre- 
quently in 400 U. S. patents. They have been cor- 
related with regard to their most important charac- 
teristics. 

Silver is the most important single metal with 
which the contact engineer is concerned. Silver has 
many other desirable characteristics in addition to 
its high thermal and electrical conductivity. It is 
practically inert to normal atmosphere, but the pres- 


Table |. Correlation of Physical Properties of Materials for 
Contact Application 


Conductivity* 


Elec- Specific’ Melting Boiling Density, 
trical, Thermal, Heat, Point, Point, G 

Pet Pet Pet per cc 
Ag 100.0 100.0 100.0 960.5 1950 10.5 
Cu 96.3 94.8 164.5 1083.0 2310 8.94 
Aw 67.3 72.6 55.2 1063.0 2600 19.3 
Al 61.0 53.3 405.0 660.0 1800 2.7 
Me 36.5 37.9 446.2 651.0 1100 1.74 
Rh 36.0 218 107.1 1966.0 2500 12.44 
Mo 34.0 35.9 115.9 2620.0 3700 10.2 
Ir 33.0 144 57.7 2454.0 4400 22.4 
w 29.6 49.5 60.9 3410.0 5900 19.3 
Zn 27.4 27.5 161.1 4194 907 7.14 
Ni 23.5 14.3 200.7 1452.0 2900 89 
cd 21.4 22.2 98.0 320.9 767 8.65 
Li 19.1 17.4 1236.5 186.0 1609 0.53 
In 18.0 5.8 101.7 156.4 1450 731 
Os 18.0 55.5 2700.0 5300 22.5 
Ce 16.8 16.9 177.0 1495.0 2900 8.9 
Fe 16.5 11.0 240.5 3000 7.87 
Pt 16.5 17.0 57.0 3.5 4300 21.45 
Pa 16.2 16.5 105.0 1554.0 2540 12.0 
Sa 14.1 16.0 96.7 232.0 2270 7.3 
Cr 12.5 17.0 215.0 1890.0 2200 7.14 
Re 11.6 101.7 2500.0 4900 122 
Ta 10.2 13.3 63.8 2996.0 4100 16.6 
Be 8.8 39.5 76.1 1280.0 1530 1.85 
Pb 79 8.5 53.7 327.4 1613 11.34 
Sb 4.2 45 88.2 630.0 1380 6.62 
Ng 17 2.0 59.0 38.9 357 13.55 
Cc 0.16 5.8 295.7 3700.0 4200 2.25 


* Correlation of electrical and thermal conductivity. and specific 
heat is based on 100 pct normal for silver for ease of comparison 
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Fig. 2—Inserts of copper in a matrix of tungsten provide 
an arcing oreo for this circuit breaker blade 


ence of sulphur, even in minute traces, will form a 
dielectric film or tarnish. Its oxide, which rarely 
forms, is non-abrasive and can be reduced at very 
low temperature. Although silver is soft and ductile 
in pure form additions of such metals as aluminum, 
copper, cadmium or nickel, will harden it, and also 
serve to lower the contact cost 

Silver finds wide usage as a matrix material for 
refractory metals, such as molybdenum, tungsten, 
and their carbides. In the field of wiping contacts 
such as brushes, collector rings, and many other 
types of sliding gear, silver frequently is combined 
with certain graphites in percentages varying from 
0.5 to 80.0 pet graphite by weight 

Even though a far greater tonnage of copper is 
used for electrical applications, its value as an actual 
contact material is second to silver. Its desirable 
characteristics are similar to those of silver except 
for the surface effect of atmosphere. Copper oxidizes 
readily and the oxide, which is slightly abrasive, 
not only requires a temperature of better than 
1000°C for decomposition, but reforms readily at 
Copper, like silver, serves as 
refractories used in 


lower temperatures 
matrix material for the high 
the fabrication of heavy duty circuit breakers. Also, 
like silver, copper is combined with graphite for 
brushes and various types of sliding or wiping con- 
tacts 

Although gold is an excellent contact material, 
its application is limited because of price. Gold is 
used in pure form where surface resistance must 
be kept at an absolute minimum and where light 
pressures and low voltages are specified. Gold is 
practically inert to all atmospheric conditions, and 
its extreme softness can be overcome by the addi- 
tion of any of a number of metals in small percent- 
ages. Like both silver and copper, gold is used in 
some cases as matrix material for refractories and 
for graphite. It has been used with nickel and other 
base metals to impart its noble characteristics 

For the design engineer, aluminum has many 


virtues, but it has one overshadowing vice. Alumi- 
num oxide forms at room temperature, is dielectric, 
non-reducible 


abrasive, and practically 


highly 
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Thousands of pounds of aluminum are consumed 
annually for use as conduits, and heavy duty switch 
blades. Combined in certain bronzes, it finds use as 
contactors for heavy duty circuit breakers. A small 
addition of aluminum to silver (8 pet by weight), 
when given the proper age hardening treatment, 
will increase the hardness to R,90. 

Magnesium is of little interest to the contact 
powder metallurgist. Its principal function seems 
to be as a deoxidizing agent. 

Rhodium has the lowest electrical resistance of 
any metal of the platinum group. It is used in vary- 
ing percentages as a hardener for both platinum 
and palladium. Because of its extreme hardness and 
brittleness, it can be used in pure form or in high 
percentage alloys only by powder metallurgy tech- 
niques 

Molybdenum and molybdenum carbide find wide 
use in circuit breaker applications, in a matrix of 
silver, copper, or other low melting point and high 
conductivity metals. The oxide forms at compara- 
tively low temperatures, thus causing an increase 
in surface resistance. The resistance of the oxide is 
somewhat lower than the corresponding oxide of 
tungsten. The critical arcing current for molyb- 
denum is higher than for other refractories. It re- 
quires 2 amp at 110 v to produce an are with molyb- 
denum contacts, as against 1.8 amp for tungsten, and 
only 1 amp for nickel 

Not only is iridium the most expensive of the 
contact metals, it is also one of the heaviest, second 
only to osmium. The high cost of iridium limits its 
use; and seldom, if ever, is the metal used in pure 
form. Iridium mixed with platinum produces a hard 
but workable alloy. Percentages as high as 25 pct 
Ir-75 pet Pt can be rolled into sheet or drawn into 
wire. When mixed with rhodium or osmium the 
alloy is too hard to work, but lends itself ideally to 
powder metallurgy techniques. 


Tungsten for Contacts 


Both tungsten and tungsten carbide are used ex- 
tensively in contact application—so extensively, 
that they are considered to be the most important 
of the refractory metals. Tungsten is used as a hard- 
ening additive with platinum (up to approximately 
4 pct by weight), and both tungsten and its carbide 
are used through powder metallurgy techniques 
with silver, copper, gold, and nickel. In applications 
where resistance to both wear and welding is re- 
quired, tungsten offers many desirable properties 
such as extreme hardness, high melting point, and 
ease of fabrication. 

Because zinc has a boiling point below the melt- 
ing point of silver, it is employed in some applica- 
tions as an are quenching additive, particularly, in 
the case of tungsten-silver and molybdenum-silver. 
Zine also finds application as a deoxidizer, and as 
an age hardening ingredient with silver. 

Nickel is not commonly used in pure form for 
contact applications. It is added to such metals as 
silver, copper, tungsten, molybdenum, the entire 
platinum metal group, gold, and graphite. In mak- 
ing wrought material (sheet stock, wire) from 
combinations including high nickel content, it is 
found that the material work-hardens quite rapidly 
and requires frequent anneals. Silver containing 
nickel from 20 to 40 pct by weight has a wide range 
of uses, and nickel mixed with 20 to 30 pct by 
weight of graphite is recommended for certain re- 
lays and circuit breakers. 
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Fig. 3—These con- 
tact buttons are 
composed of silver 
combined with cad- 
mium oxide to pro- 
vide weld inhibiting 
properties. 


Cadmium additions to silver in small amounts 
seem to inhibit tarnishing to some extent (2 to 10 
pet by weight being mentioned). The addition of 
cadmium also will increase the hardness of silver. 
Cadmium, like zinc, has a vapor point below the 
melting point of silver and this feature seems to 
offer certain are quenching possibilities 

The principal function of lithium seems to be as 
a deoxidizing agent. 

Indium when added to silver in small amounts 
increases the hardness and inhibits to some extent 
the tarnishing of silver. 

Osmium requires extreme care in fabrication. Its 
oxide, which is toxic and quite volatile, forms at 
very low temperatures. As a hardener for platinum 
or pa'ladium it is widely used. Osmium is also men- 
tioned as being combined with tungsten and with 
molybdenum. Alloys or compounds containing high 
percentages of osmium cannot be worked because 
of their extreme hardness and brittleness. Sintered 
contacts of 35 pct osmium-balance platinum and/or 
other noble metals have high resistance to sticking 
or welding, and may have a hardness of R,75 or 
higher 

The characteristics of cobalt and iron are similar. 
They may be used with silver or copper as a hard- 
ening ingredient. Both improve silver-tungsten con- 
tacts when added in small quantities to the powder 
mixture. Cobalt is preferred to iron as a bonding 
agent for tungsten carbide, but either can be used. 


Importance of Platinum 


Tens of thousands of ounces of platinum are con- 
sumed annually by the electrical industry for elec- 
trodes and contacts of various types. One of the 
largest single demands is for aviation spark plug 
electrodes, of which more than 75 pct is produced 
by powder metallurgy technique. Platinum, because 
of its high melting point, good thermal conductivity, 
inertness to atmospheric conditions, and the ease 
with which it accepts hardening alloys, is found in 
a wide range of applications all the way from sensi- 
tive telephone relays, where surface resistance must 


be kept at an absolute minimum, to circuit breakers 
where it is used as a matrix for tungsten, molyb- 
denum, or other refractory metals. If it were not for 
its high price, platinum probably would out-rank 
silver in importance as contact material. 

Palladium, because of its lower cost and plentiful 
supply, is used more than any of the other platinum 
metals except platinum itself. Silver will alloy with 
palladium in all proportions, with about 25 pct 
silver giving the highest tensile strength and hard- 
ness both in the annealed and unannealed state. 

Tin, in pure form, is never used for contact ap- 
plication because of its low melting point, brittle- 
ness, and the ease with which it oxidizes under arc- 
ing. The principel use of tin in contact application 
is as a hardener for silver or copper. Tin also is 
found in certain bronzes where it is used for high 
voltage low current breaker contacts. 

Chromium is used in amounts from 0.05 pct as 
an age hardening ingredient for copper to 90.0 pct 
(remainder silver or copper) where it was suggested 
for circuit breaker application. Chromium oxidizes 
at a low temperature and the oxide is highly re- 
sistant to electrical conductivity and is quite diffi- 
cult to reduce. 

Ruthenium is a hardener for platinum and palla- 
dium. Small additions to silver-palladium alloys 
may tend to inhibit pitting and welding under arc- 
ing conditions 

Mercury finds application in the pure form in 
various types of mercury switches and as an ad- 
mixture to copper, silver, and other precious metals 
as an amalgam. 

In pure form, carbon is used as arcing tips for 
heavy duty circuit breakers and for commutator 
brushes. The use of carbon in forming carbides of 
various metals is well known. Where high conduc- 
tivity and resistance to wear and sticking are re- 
quired, carbon is combined with such metals as 
silver, copper, gold, various members of the plat- 
inum group, and nickel in amounts of a fraction of 
i pet to as high as the needs may indicate. 
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Electronic Core Data Sheet || 


HE Metal Powder Assn., New York, has just re- facturer the various basic materials used for elec- 
leased its Data Sheet No. 1 on Electronic Core tronic cores. Additional copies of this Data Sheet 
Materials and Core Manufacturers’ Designations. are available from the Metal Powder Assn., 420 


The Data Sheet describes by trade name and manu- Lexington Ave., New York 17, N. Y. 


ELECTRONIC CORE MATERIALS AND CORE MANUFACTURERS’ DESIGNATIONS 
IssUED JUNE, 1951 


National Powdered Radio Speer 
Basic Coil Core Moldite Metal Cores Pyroferric Resistor Stackpole 
Material Co Corp. Co. Products Corp. Inc. Co. Corp. Carbon Co. 


omyl C 85 11 E6 21 PY2RA M $52 
LE 25 17 ES 10 PYIA G Gi 


Carbonyl 


Carb 


Carbonyl HP 90 7 E22 20 PY 17A Z $62 

il Ell a4 PY 3RA F $53 
Carbonyl SF 76 14 E10 12 PY 13A N GS 
Carbonyl TH 3 13 E33 li PY 14A E G2 


IRN-2 7 “33 E23 2 PY 4A LL-2 C26 


IRN-3 79 31 E34 3 -- LL-3 S54 


IRN-G - 29 E35 LL-6 

IRN-8 74 19 Ei4 PY 12A U GY8 
IRN-9 E12 
IRN-16 — 30 E16 16 PY 20A LL-16 — 


Plast Sponge ; 

C3H-BG 30 . a 44 E36 4 PY 15S D X29 
Plast-Sponge 

C1C-A30 EI - E3? 25 
Plast-Sponge 


Plast-lron 
43G-G10 E3 23 PY 22A $49 


Plast-lron 
A3G-AlO — _ om A 


Plast-lron 

Plast-lron Flakes 

MIVK-ANG — 48 E32 26 GRN = 


Magna-Tite C 77 Cis 


Magna-Tite H 78 H15 - men 
PY 5A 

Magnetites ...... - — to Y Grades 
PY 9A 


Nore: Cores made from basic raw materials by different core manufacturers are not necessarily interchangeable. It is advisable, in order to 
obtain identical characteristics, that mutual standards be agreed upon. The designations as given are basic and may be modified by the manu- 
facturer to indicate variations in formula such as type and amount of insulation and binder. 


Empire Con Co., INc. NATIONAL Mo.pirte Co. Pyrorerric Co. Speer Resistor Corp. 
85 Beechwood Ave. 1410 Chestnut Ave. 621 E. 216th St. St. Marys, Pa. 
New Rochelle, N. Y. Hillside, N. J. New York 67, N. Y. 


Macnetic Core Corp. PowDERED Mertat Propucts Corp. Rapio Cores, INc. STACKPOLE CARBON Co. 
142 S. Highland 9335 W. Belmont 9540-50 Tully Ave. St. Marys, Pa. 
Ossining, N. Y. Franklin Park, Ill. Oak Lawn, Il. 
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by A E Powers 


HE simultaneous influence of time and tempera- 
ture upon the tempering process in steel is well 
known. Hollomon and Jaffe’ have expressed the 
effect of time and temperature upon the progress of 
tempering by a single parameter, T (c + log t); 
where T is the absolute temperature; t, the temper- 
ing time; and c, a constant characteristic of the 
steel and treatment. It was found that when hard- 
ness data for plain carbon and low alloy steels were 
plotted vs. this parameter, a master tempering curve 
was obtained which satisfied all the data for a given 
steel and a given hardening treatment. Roberts, 
Grobe, and Moersch’ successfully applied the tem- 
pering parameter to various tool steels, including 
high speed steel for tempering times ranging from 
6 min to 100 hr. The influence of tempering time 
and temperature upon the physical properties of 
high speed steel has also been extensively investi- 
gated.” 

Recently, the use of induction heating for very 
rapid tempering treatments has received attention. 
The authors* have shown that tempering treatments 
of only a few seconds duration may be successfully 
applied to plain carbon and low alloy steel. How- 
ever, the influence of such short tempering treat- 
ments in high speed steel has not been explored. 

Since high speed steel is a highly alloyed steel 
exhibiting physical reactions during tempering that 
are often relatively slow and large in magnitude, it 
is an interesting steel for the study of tempering 
reactions. It was the purpose of the present investi- 
gation, therefore, to study the early progress of 
reactions leading to secondary hardness in high 
speed steel, type 6-5-4-2, and to determine if in- 
duction-tempering treatinents of a few seconds 
duration are able to produce results equal to those of 
more conventional long-time tempering cycies. 


Experimental Details 

The chemical compositions for two different heats 
of W-Mo high speed steel used in this study are 
given in Table I. 

Table II summarizes the heat treatment given 
various groups of specimens cut 2% in. long and 
centerless ground to % in. diam. Hardening treat- 
ments consisted of preheating to 1600°F (870°C) 
for % hr and then oil quenching from 2250°F 
(1230°C). Heat I was subjected to the high tempera- 
ture in a salt bath for 3 min, while specimens of 
heat II were austenitized in a carbon-block muffle 
furnace for 10 min. Specimens of series E were 


A. E. POWERS, Associate Member AIME, is associated with the 
Works Laboratory, General Electric Co., Schenectady, N. Y., and 
J. F. LIBSCH, Junior Member AIME, is Associate Professor of 
Metallurgy, Lehigh University, Bethlehem, Pa. 
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AIME by Dec. 1, 1951. Manuscript, April 16, 1951. Detroit Meet- 
ing, October 1951. 

This paper represents part of a thesis by A. E. Powers submitted 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy to the Graduate School of Lehigh University. 
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Rapid Tempering of High Speed Steel 


and J. F. Libsch 


Table |. Chemical Analysis of High Speed Steel 
Ne. Mn s si Cr v Me w 


I 0.79 0.25 0.016 0011 0.35 4.02 1.94 5.20 
il 081 0.29 0.020 0.008 0.26 3.90 1.92 4.8 


Table I!. Summary of Hardening and Tempering Treatments 


Harden- 
ing Pre- 
Treat- tempering Tempering 
Series Heat ment* Treatment Treatment 
A I Salt bath None Induction, 450°F per sec 
1 Salt bath None Induction, 450°F per sec 
60 sec at temperature 
Cc I Salt bath None Salt bath, 1 hr 
at temperature 
D I Salt bath None Double induction 
450°F per sec 
E ll Muffle 318°F, Lhr Induction, 1300°F per sec 
furnace 
F I Salt bath 100°F,2hr Induction, 450°F per sec 
G I Sait bath 100°F,2hr Salt bath, 1 hr 


at temperature 


H ul Muffle None Lead bath, 10 sec 
furnace total time 

I il Muffle None Salt bath, 1 hr 
furnace at temperature 


* Oil quenched from 2250°F 


immediately refrigerated to — 318°F (— 195°C) in 
liquid nitrogen following the hardening treatment 
to transform the major portion of the retained aus- 
tenite. Specimens of series F and G were subzero 
cooled to — 100°F (— 75°C) in a dry ice-alcohol 
mixture. 

Induction tempering was performed with a Lepel 
high frequency converter operating at a frequency 
of approximately 300,000 cycles per sec. Heating 
cycles were controlled and recorded for each speci- 
men using a chromel-alumel thermocouple, percus- 
sion welded to the surface of the specimen, and a 
modified high speed instrument with a timer pre- 
viously used and described.’ Temperature oscillation 
of the specimens, while being held at the tempering 
temperature, was + 15°F (8°C). 

Tempering Treatments: After hardening, speci- 
mens were tempered between 900° and 1500°F 
(480° and 815°C) to study the progress of retained 
austenite decomposition and secondary hardening. 
The specimens tempered in salt for 1 hr (series C, 
G, and I) were considered to represent conventional 
treatment and are used for comparison with rapid 
tempering treatments. Several induction-tempering 
cycles were employed: 1—flash tempering, i.e., in- 
duction heating to the tempering temperature and 
immediately cooling (series A, E, and F); 2—induc- 
tion heating for 60 sec at temperature (series B); 
and 3—double-induction tempering by two succes- 
sive heating and cooling cycles (series D). All speci- 
mens tempered by induction were heated at an initial 
rate of 450°F (250°C) per sec except those of series 
E, which were heated at an initial rate of 1300°F 
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Fig. 1—Representative temperature-time curves for induction- 
heated and lead both heated specimens 


(720 C) per sec. Finally, one series of specimens 
(series H) was tempered by heating in a lead bath 
for a total time of 10 sec to determine the possible 
influence of high frequency induced energy upon 
the rate of tempering by comparison of lead and 
induction-tempered samples. All specimens were 
air-cooled from the tempering temperature 

Fig. 1 shows typical heating and cooling curves 
for specimens tempered in lead, and by induction, 
using initial heating rates of 1300°F (720°C) and 
450 F (250°C) per sec. Specimens induction tem- 
pered for 60 sec were heated at an initial rate of 
450 F (250°C) per sec and held at temperature 
by power impulses from the converter. 

With very rapid tempering treatments involving 
little or no time at the tempering temperature, the 
degree of tempering which may take place during 
heating and cooling may assume significant propor- 
tions. Accordingly, effective times at temperature 
were calculated from the recorded heating and cool- 
ing curves for the specimens tempered by induction 


and in lead using the step-by-step integration 
method proposed by Hollomon and Jaffe. This 


> — 


nhordness 


Rockwet C 


A © induction (450°F/ sec 


B Induction with 60 sec holding ( 450°F/sec ) 
Ce Sol Doth, hr 


1000 "Oo 1200 1300 1400 1500 
Tempering Tempercture , *F 
Fig. 2—Hardness and specific volume vs. temperature for vari 
ous tempering cycles, series A, B, and C 
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method utilizes the incremental equation: 
+ 10°: ) [ l ] 


where P is the value of the tempering parameter; 
T, the absolute temperature, “Rankine; At, an incre- 
ment of time; t,, the constant (10° for the steel 
used in this investigation); and P,, the value of P at 
the beginning of the interval At. 

The value of P for any tempering cycle may be 
found from this equation by integrating step-by- 
step over suitable intervals of time from the begin- 
ning of the cycle to the end. From the value of P 
thus obtained, and the basic relation P T (c + log 
t), the effective time t at a given temperature T 
can be calculated. In the induction-heating cycles 
used in this study, it was found that the tempering 
which occurred at more than 40°F (22°C) below the 
tempering temperature could be neglected in the cal- 
culation of the total value of P. The effective temper- 
ing times at temperature as thus determined varied 
from 4.2 sec at 1500°F (815°C) to 9.0 sec at 900 F 
(480°C) for the specimens tempered by induction 
heating: and from 7.0 sec at 1500°F (815°C) to 12.0 
sec at 900°F (480°C) for the specimens heated in 
lead. The proper effective tempering times were 
utilized in plotting the data obtained. 

Physical Testing: After tempering, all specimens 
were centerless ground to remove approximately 
0.004 in. from the surface, polished to remove grind- 
ing marks and then tested to determine specific 
volume and Rockwell C hardness. Specimens of 
series A, B, C, D, F, and G were subsequently frac- 
tured in the bend test. 

Specific volume measurements were made by the 
weight-in-air, weight-in-water method, and all pre- 
cautions were observed to insure maximum ac- 
curacy. Weighing was conducted to the nearest 0.2 
mg and the temperature was measured to the nearest 

Bend tests were performed on 14 in. diam speci- 
mens in an enclosed bend-test fixture having sup- 
ports 2 in. apart and a loading plunger with a 4s in. 


P = T log ( 
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Fig. 3—Hardness and specific volume vs. temperature for vari- 
ous tempering cycles, series C and D. 
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Fig. 4—Hardness and specific volume vs. temperature for vari- 
ous tempering cycles, series E, F, and G. 


flat section contacting the specimen, so that upon 
application of load a 2-point loading system is af- 
fected. In comparison with rectangular specimens 
of similar size, the round specimens have a lower 
production cost and provide greater plastic deforma- 
tion. Load deflection curves were constructed from 
simultaneous readings of load and deflection. From 
such curves were obtained the proportional limit o1 
stress where the load deflection curve deviates from 
a straight line and the bend strength or stress at the 
breaking load. 
Results 

Hardness and Specific Volume: The hardness and 
specific volume are plotted as a function of temper- 
ing temperature for various tempering treatments in 
Figs. 2, 3, 4 and 5. The specisic volume curves indi- 
cate the progress of retained austenite transforma- 
tion while the hardness curves show the develop- 
ment of secondary hardness. It is interesting to note 
from the figures that the progress of secondary 
hardening and retained austenite decomposition is 
similar for the induction and salt-bath tempered 
specimens. Essentially the same peak hardness and 
final specific volume are obtained for all treatments. 

In Figs. 6 and 7, the hardness and specific volume 
data are replotted as a function of the tempering 
parameter, T (12.5 + log t). The value of 12.5 for c 
was selected after considering the tempering data 
of Roberts, Grobe, and Moersch’ for the same type 
of steel. For comparison, the master tempering 
curve for hardness obtained by Roberts, Grobe, and 
Moersch for type 6-5-4-2 high speed steel, hardened 
at 2175 °F (1190°C), is shown in Fig. 6. 

The outstanding aspect of the master tempering 
curves shown in Figs. 6 and 7 is the failure of the 
curves representing short-time tempering treatments 
to coincide with the l-hr tempering treatment. In 
this connection, it is important to note that the data 
obtained by tempering for 1 hr in salt (series C) 
agree reasonably well with the master tempering 
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Fig. S—Hardness and specific volume vs. temperature for vari- 
ous tempering cycles, series H and |. 


curve presented by Roberts, Grobe, and Moersch.’ 
Whereas previous experimental work has shown that 
hardness data for a given steel and hardening treat- 
ment could be combined into one master tempering 
curve when plotted against the parameter T (c 4 
log t), the present experiments indicate that a siz- 
able discrepancy occurs when high speed steel is 
tempered for a total time of 1 min or less using the 
rapid heating rates produced by induction heating. 

Since the hardness and specific volume curves of 
the rapidly tempered specimens are displaced to the 
left of the 1l-hr curves, it appears that the short- 
time tempered specimens have responded to temper- 
ing at a rate considerably faster than that predicted 
by previous work. The acceleration of tempering by 
the rapid tempering treatments allows a decrease of 
170°F (95°C) in the predicted tempering tempera- 
ture, or a decrease of 240 sec from the predicted 
tempering time. The acceleration of 240 sec in 
tempering times compares with an effective temper- 
ing time of about 8 sec. This acceleration is of con- 
siderable magnitude. 

Physical Properties: The variation in bend 
strength and in the proportional limit with temper- 
ing temperature for several tempering treatments is 
summarized in Figs. 8, 9 and 10. 

In general, short-time tempering treatments ap- 
pear to yield bend strength properties which are 
similar to those produced by the 1l-hr treatment. 
Analysis of bend test results and the hardness and 
specific volume data, presented in Figs. 2, 3, 4 and 5, 
indicates that the maximum bend strength occurs 
approximately 100°F (55°C) above the temperature 
for maximum secondary hardness and coincides ap- 
proximately with the tempering temperature pro- 
viding maximum specific volume ir all instances 
except that of double tempering by induction. It 
has been found by Bishop and Cohen" that maximum 
hot hardness also coincides with the completion of 
retained austenite transformation. This degree of 
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tempering porameter 125 4+ log *), series A through E 


tempering is usually utilized in practical applica- 
tions 

The physical properties representing double tem- 
pering by induction (series D) show the effect of 
retempering martensite formed upon cooling from 
the first tempering treatment. The rather sharp 
peak in bend strength exhibited by specimens 
rapidly tempered (series A) is leveled off moder- 
ately by the double tempering treatment 

An unusual feature of the bend-test results is the 
high values of bend strength and proportional limit 
Zmeskal’ has also reported high values of bend 
strength for round specimens of high speed steel 
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Fig. 7—Hardness and specific volume as a function of the 
tempering parameter (125 + log °|, series F through | 
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and has remarked that they are higher than those 
for rectangular cross-sectioned specimens. It is 
suggested that this may be due to stress concentra- 
tion developed at corners of the latter specimens. 

An evaluation of the modulus of elasticity was 
made using the measured values of load and deflec- 
tion and was found to average 31.0x10° + 1x10" psi. 
This compares with the value of 32.0x10° + 0.5x10° 
psi obtained by Grobe and Roberts’ for 18-4-1 type 
high speed steel. 

Discussion 

An analysis of the results indicates that W-Mo 
type high speed steel is capable of successful re- 
sponse to very rapid tempering cycles. Maximum 
hardness and strength values have been obtained 
with induction-tempering cycles, which appear simi- 
lar to those resulting from conventional tempering 
treatments. As expected, the tempering temperature 
for maximum hardness and strength is shifted to 
higher temperatures 

As mentioned previously, however, the temper- 
ing reactions appear to be accelerated by induction- 
tempering treatments to rates considerably greater 
than those predicted by the parameter T (c + log t) 
In this connection a number of possible explanations 
have been considered. 
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Fig. 8—Influence of various tempering treatments upon bend 
strength and proportional limit, series A and B 


Influence of High Frequency Current: It has been 
proposed” that the very high amperage currents in- 
duced in steel heated by induction may accelerate 
metallurgical reactions by localized heating in the 
metal. It appears conceivable that such a phenome- 
non might promote more rapid tempering. To evalu- 
ate this supposition, series H of specimens was 
tempered in a lead bath to maintain a relatively 
high rate of heating but to eliminate the influence 
of high frequency current. 

The results, plotted in Fig. 7, indicate that induced 
currents are not responsible for the increased rate 
of tempering exhibited by the induction-tempered 
specimens. A comparison of the tempering curves 
for specimens tempered in lead, series H, and those 
tempered in salt for 1 hr, series I, shows that the 
curves still lack coincidence, although to a smaller 
degree. Since a study of the heating and cooling 
curves for the specimens heated in lead and by in- 
duction (Fig. 1) indicates the primary difference in 
treatment to be in the heating rate, the discrepancy 
between the induction and lead-bath heated speci- 
mens is attributed to the difference in heating rate 
as discussed below. It is believed that this result 
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adds further confirmation to the work of J. G. Kerr,” 
who concluded that induction heating did not ac- 
celerate the solution of carbides by localized heating 
on a microscopic scale. 

Influence of Heating Rate: The rate of heating 
appears to provide the most satisfactory explanation 
for the acceleration in the rate of tempering associ- 
ated with short-tempering treatments. The speci- 
mens tempered by induction are characterized by 
their rapid rates of heating in addition to the short 
tempering time. The rate of heating which appears 
most important is the rate at which the specimen 
approaches the tempering temperature. In this re- 
spect, the specimens tempered in lead exhibit a con- 
siderably slower heating rate. It is believed sig- 
nificant that the tempering curve for specimens 
tempered in lead, employing a heating rate less than 
that of induction but greater than that in salt, oc- 
cupies an intermediate position in Fig. 7. 

Theoretical Treatment: It is proposed that plastic 
deformation or thermal strain caused by very rapid 
heating to the tempering temperature is responsible 
for the deviation of the induction-tempered speci- 
mens from the master tempering curve. Such plastic 
strain is thought to accelerate the tempering reac- 
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Fig. 9—Influence of various tempering treatments upon bend 
strength and proportional limit, series C and D. 


tions during heating and to place the steel in an 
advanced state of tempering at the instant the tem- 
pering temperature is reached. 

This behavior is illustrated in Fig. 11 where an 
example is given of the progress of tempering in a 
specimen tempered at 1025°F (556°C). The solid 
line represents the progress of tempering as a func- 
tion of the effective tempering time for a tempering 
treatment, which conforms to the ideal parameter 
T (c + log t). The parameter P in this study is 
defined as a measure of the actual degree of temper- 
ing as represented by hardness and specific volume. 

The values of P experimentally determined for 
various tempering cycles are plotted in Fig. 11. It 
will be noted that while the point representing a 
l-hr tempering treatment lies on the master tem- 
pering curve, the points representing short-time 
tempering lie considerably above the solid line, as 

* The theoretical value of the tempering parameter at the end of 
1 very rapid heating curve may be calculated by subdividing the 
curve into smaller and smaller intervals of time and graphically 
integrating the equation P T log = + 10°,T) interval by 


interval from the beginning to the end of the heating curve for 
each size of the subdivisions. As the intervals become smaller and 
more numerous, the value of the tempering parameter will ap- 
proach asymptotically the correct value. As a practical short-cut, 
only the upper third or fourth of the heating curve may be used 
for each series of calculations 
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might be expected since rapid tempering has yielded 
accelerated results. 
The broken curve in Fig. 11 is an application of 


At 
the equation, P = T log (= + 10°" ) using the 


value of P for the experimentally obtained 8.8-sec, 
induction-tempering point as a starting value of P.. 
When the curve is extended forward by the step-by- 
step integration method, it gradually merges into 
the master tempering curve. Extending the broken 
curve to shorter times reveals the interesting in- 
ference that specimens induction tempered at 
1025°F (550°C) reached the tempering temperature 
with an initial value for P of approximately 22,500. 
This value represents an advanced state of temper- 
ing which will not significantly further progress 
until approximately 60 sec have elapsed. The cal- 
culated value of the tempering parameter for the 
induction-tempered specimen (heating rate equals 
450°F per sec) at the instant it attains the tempering 
temperature was determined from a recorded heat- 
ing curve to be only 17,500." 

Influence of Plastic Strain: The suggested cause 
for the initially advanced state of tempering at the 
instant the steel reaches the tempering temperature 
after very rapid heating is that rapid heating rates 
introduce plastic strains which accelerate the tem- 
pering reactions. 

Two principal processes occur during the temper- 
ing of high speed steel: 1—the nucleation and 
growth of carbides, and 2—the conditioning of the 
retained austenite for its subsequent transformation 
upon cooling to room temperature. Averbach” has 
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given a literature review of the effect of plastic def- 
ormation on diffusion reactions, i.e., those reactions 
which proceed by the mechanism of nucleation and 
growth. It was found that the velocity of aging 
processes is invariably increased by plastic strain 
after solution heat treatment, but not by elastic 
strains. This is thought to be due principally to the 
increased rate of nucleation along the slip planes 

Nabarro,”* discussing the relation of strain, diffu- 
sion, and precipitation, cites a number of references 
which conclude that plastic strain actelerates nucle- 
ation and growth processes. Of particular interest 
perhaps is an indication that diffusion may be very 
rapid while plastic deformation is actually in 
progress. Such a condition may prevail when speci- 
mens are heated with extreme rapidity to the tem- 
pering temperature by induction 

It should be understood that the plastic strain 
must be present during the nucleation aid growth 
processes. If such a process takes place above the 
temperature of recovery and recrystallization, any 
prior strains will be largely removed by the time 
the heat-treating temperature is reached. For this 
reason the work of Fisher and MacGregor” hardly 
proves their contention that “the rate of tempering 
does not change in the presence of strain.” Further, 
the results of the present work disagree with their 
statement that “the tempering parameter P uniquely 
fixes the degree of tempering even when temper- 
ing proceeds in the presence of strain, strain 
rate and stress." When plastic strain is present 
during tempering, it is believed the tempering re- 
actions will be accelerated. If plastic straining oc- 
curs during the heating part of the tempering cycle, 
then the tempering reactions may be accelerated to 
an advanced state by the time the tempering tem- 
perature is reached. If an aging process occurs be- 
low the recrystallization temperature, as in many 
age-hardening alloys, then prior strain will mark- 
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edly influence the rate of aging,” since the effect of 
strain is only slowly dissipated 

That plastic strain immediately above the M, 
point induces transformation of retained austenite is 
also well known. Averbach, Kulin, and Cohen" 
have found that the rate of the martensite reaction 
from the austenite is also a function of plastic strain 
and not of elastic strain. Jepson and Thompson 
found that a stress of 10 tons per sq in. will approxi- 
mately double the rate of transformation of austenite 
to bainite in a plain carbon steel. They noted also 
that transformation appeared to occur preferentially 
on planes of maximum shear stress 

Thus it appears from the literature that plastic 
strain may also accelerate the conditioning process 
in retained austenite during tempering of high speed 
steel. If the martensitic reaction is considered a 
nucleation and shear mechanism,” it may be rea- 
soned that thermal strain will increase within the 
retained austenite the number and size of alloy car- 
bides and also the number of the carbide embryo 
and the number of the martensitic embryo which 
Cohen, Machlin, and Paranjpe” have postulated to 
be strain embryo or dislocations 

Returning again to Fig. 11, it can be seen that the 
induction-tempering treatments with both heating 
rates of 450° and 1300°F (250° and 720°C) per sec 
produce about the same deviation from the ideal 
curve. Apparently these two heating rates produce 
similar accelerating effects. 

The dashed curve in Fig. 11 represents the course 
of tempering with time which a steel should take as 
it is held exactly at 1025°F (550°C) after attaining 
the initially advanced state of tempering of P 
22,500. The point representing the double induction- 
tempering treatment lies slightly above this line, 
suggesting that the double heatings accelerated the 
tempering reactions to a slightly greater extent than 
the single heating. The point representing the 60- 
sec tempering treatment shows the greatest devia- 
tion from the dashed line. It appears that accele- 
rated tempering took place during the 60 sec at 
temperature. Actually, specimens of this series were 
held at temperature by oscillating + 15°F (8°C) 
about the tempering temperature for a total of about 
20 times. It is thought that the power impulses pro- 
duced enough thermal strain to advance the state 
of tempering from that represented by the single 
induction-tempering point to that of the 60-sec 
point. The point representing the lead-bath temper- 
ing treatraent lies below the dashed curve as can be 
expected, since the final heating rate was consider- 
ably less than the heating rates for induction heating. 

In the absence of the effect of thermal straining, 
the double-induction treatments and the 60-sec 
treatments should produce no significant advance- 
ment of the state of tempering over that produced 
by the single-induction treatment; however, the 
double-induction and 60-sec curves in Figs. 2 and 3 
illustrate again the magnitude of the acceleration by 
their displacement from the curves representing 
single-induction tempering. 

Maximum Secondary Hardness: Fig. 12 is a plot 
of log t vs. 1/T for the state of maximum secondary 
hardness. The solid straight line is the master tem- 
pering curve for the peak hardness and the points 
show the actual time and temperature experimen- 
tally found to attain peak hardness for various tem- 
pering cycles. The dashed curve is drawn to show 
the probable experimental relation between time 
and temperature for specimens which are heated 
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rapidly by induction and held steadily for the proper 
lengths of time to yield maximum secondary hard- 
ness, It is, in other words, the locus of time-tem- 
perature points for maximum secondary hardness in 
specimens heated rapidly by induction and held at 
temperature without oscillation. It can be seen that, 
under such conditions of heating, maximum sec- 
ondary hardness should not occur at above 1150°F 
(620°C), regardless of the tempering time. It is im- 
portant to note that the maximum secondary hard- 
ness for the 60-sec induction treatment and the 
double-induction treatment requires temperatures 
considerably less than the single-induction treat- 
ment. It is interesting to notice also that maximum 
secondary hardness, for a 60-sec oscillating cycle, 
occurs at about the same temperature as it does for 
the 1-hr salt-bath treatment. 

Examination of Figs. 2 to 5 shows that there is a 
slight difference in orientation between the hardness 
curves and the specific volume curves when the in- 
duction-tempering curves are compared with the 
l-hr curves. The relative positions of the specific 
volume curves with respect to the hardness curves 
in Figs. 2 to 5 indicate that the effect of induction- 
heating treatments in accelerating the transforma- 
tion of retained austenite is slightly less than in the 
development of secondary hardness. This may indi- 
cate that the effect of thermal strain is slightly less 
in the transformation of retained austenite than in 
nucleation and growth of carbides. 

The magnitude of the maximum secondary hard- 
ness for the induction-tempered specimens was 
found to be about one-half point Rockwell C below 
that of the specimens tempered 1 hr. This may be 
due to a greater amount of retained austenite in the 
induction-tempered specimens. 


Summary 

1—Rapid induction tempering of W-Mo high 
speed steel produces mechanical properties, as in- 
dicated by hardness and bend test results, which are 
approximately equal to those resulting from conven- 
tional long-time tempering treatments. 

2—Short-time tempering data for high speed steel 
exhibits a lack of conformance to the tempering 
parameter T (c + log t). It appears that tempering 
reactions are accelerated by rapid induction tem- 
pering to rates considerably greater than those 
predicted by the parameter. Plastic deformation or 
thermal strain during the heating part ot the short 
tempering cycle is thought to be the cause of the 
tempering anomaly. It is believed that such strain 
accelerates the tempering reactions during rapid 
heating so as to place the steel in an advanced state 
of tempering at the instant the tempering tempera- 
ture is reached. This advanced state will not pro- 
ceed significantly until after a period of time de- 
pending on the extent of advancement. Induction- 
tempered, high speed steel which is held at the 
tempering temperature by short power impulses is 
found to undergo additional acceleration of the tem- 
pering reactions during the holding period. This is 
thought to be due to small thermal strain produced 
by the temperature oscillations. By this method of 
tempering maximum secondary hardness may be 
reached in at least a few minutes at a temperature 
which would normally require 1 hr by conventional 
methods. 

3—At maximum secondary hardness, high speed 
steel which is induction tempered by rapid heating 
exhibits a slightly greater proportion of retained 
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austenite than does the steel which is conventionally 
tempered for long times. 

4—Maximum bend strength for high speed steel 
whether tempered rapidly by induction or slowly 
by salt bath approximately coincides with the com- 
pletion of the retained austenite transformation. 
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Intermediate Phases in Ternary Alloy Systems 


Of Transition Elements 


The 1200°C isothermal sections of the following ternary phase dia- 
grams were investigated: Cr-Co-Ni, Cr-Co-Fe, Cr-Co-Mo, and Cr-Ni-Mo. 
In all these systems the « phase was found to form extended solid solu- 
tions. Two new ternary phases of unknown structure were identified. The 
existence range of intermediate phases of transition elements was cor- 

related with 3° electron vacancy concentrations. 


HE occurrence of extensive ternary o solid solu- 

tions in the Cr-Co-Ni and in the Cr-Co-Fe sys- 
tems was described in a brief note.’ More recently 
« solid solutions were also found in the Cr-Fe-Mo 
system by two independent groups of investigators 
The existence of binary o phases in the V-Co and 
V-Ni systems, predicted in ref. 1, was experimen- 
tally discovered recently by Duwez and Baen‘ and 
independently by W. B. Pearson, J. W. Christian, 
and W. Hume-Rothery.” Duwez and Baen stated 
two general conditions for the occurrence of the « 
phase in alloys of the transition elements: “(1) 
The atomic diameters of the two metals do not 
differ by more than 8 per cent. (2) One of the two 
metals has a body-centered cubic structure while 
the other is face-centered cubic, at least in one of 
its allotiopic forms.” 

In the course of an extensive research program 
conducted at this Laboratory under the sponsorship 
of the NACA, several ternary systems, containing o 
solid solutions and also certain new ternary phases, 
were investigated. The present report describes the 
investigated portions of the 1200°C isothermal sec- 
tions of the following ternary phase diagrams: Cr- 
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Co-Ni, Cr-Co-Fe, Cr-Co-Mo, and Cr-Ni-Mo. It was 
found that the range of existence of the o phase in 
these four ternary systems, as well as in one of two 
ternary systems which were investigated by others, 
ean be fairly consistently described in terms of 
electron vacancy concentrations. This supports the 
suggestion of Sully and Heal’ that the o phase is an 
electron compound. 


Experimental Procedure 
The ternary alloys were prepared by vacuum in- 
duction melting in zirconia and alumina crucibles. 
Lot analyses of the metals used are given in Table I. 
Specimens of all alloys were annealed at 1200°C 
in an atmosphere of purified 92 pct helium and 8 
pct hydrogen mixture. Alloys consisting mainly of 


Table |. Lot Analyses by Weight Percent 


Ele- Electre- 
ment lytic 
or Cobalt Iron 
Ceom- Ren- Chre- (Hy Molyb- 
pound delles mium Anneal) Nickel denum 
c 0.17 0.01 0.010 0.003 max 
CaO 0.12 
Co Balance 0.6-0.8 
Cr Balance 0.015 
Cu 0.02 Trace 0.03 0.01 
Fe 0.12 0.06 Balance 0.01 0.005 max. 
H 0.045 
MgO 0.04 
Mn 0.06 0.01 
Mo <0.015 
N 0.10 
Ni 0.46 < 0.03 Balance 
0 0.51 0.003 approx 
P 0.003 
Pb 0.001 
Ss 0.009 0.012 0.002 0.001 
Si 
0.13 0.03 
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Fig. 1—Isothermal section at 1200°C of the Cr-Co-Ni 

ternary phase diagram. Alpha phase is face-centered 

cubic. Epsilon phase is body-centered cubic. Sigma has 
a complex tetragonal structure. 


the face-centered cubic a phase were double-forged, 
with intermediate annealing. The double-forged 
specimens were final annealed for 90 hr at 1200°C 
and then quenched in cold water. Alloys containing 
appreciable amounts of any of the other phases 
could not be forged. Such specimens were annealed 
for 150 hr at 1200°C and then quenched in cold 
water. Microscopic specimens of all alloys were 
prepared by mechanical polishing, in many cases 
followed by electrolytic polishing. Details of the 
electrolytic polishing and of the etching procedures 
used are being published in three NACA Technical 
Reports, which will also tabulate the intended com- 
positions of the large number of alloys prepared. 
Many of the alloys were analyzed chemically and, 
in general, the results are in excellent agreement 
with the intended compositions. 

X-ray diffraction specimens were prepared by 
filing or crushing the homogenized alloys, and by 
reannealing the obtained powders in evacuated and 
sealed quartz tubes. After annealing for 30 min at 
1200°C, the tubes were quenched into cold water. 
X-ray diffraction patterns were made with unfil- 
tered chromium radiation at 30 kv, using an asym- 
metrical focusing camera of high dispersion. X-ray 
diffraction in conjunction with microscopic study 
was used to identify the phases present in each 
specimen. The amount of each phase was estimated 
microscopically. The results were used to construct 
1200°C isothermal sections of the various ternary 
phase diagrams. ,The accuracy of the location of the 
phase boundaries determined in this manner is esti- 
mated to about + 1 pct of each component. 


Results 

The results of the experimental work are shown 
in Figs. 1 to 4. It is seen that the o phase tends to 
form narrow, extended fields. In the Cr-Co-Ni, 
Cr-Co-Mo systems this narrow elongated ternary 
o phase field is connected with the binary Cr-Co o 
phase. The composition range of the latter at 1200°C 
was found to be about 56 to 60 pct Cr, that is, 
shifted toward higher Cr contents in comparison 
with previously reported values.’ It is significant 
that in the Cr-Co-Ni and Cr-Co-Fe systems the o 
phase extends in a direction corresponding to ap- 
proximately constant Cr content, indicating that Ni 
and Fe are capable of partially replacing Co in 
forming the o phase. On the other hand, in the 
Cr-Co-Mo system the o phase extends in a direc- 
tion corresponding to approximately constant Co 
content. This indicates that molybdenum is replac- 
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ing chromium in forming the o phase. It is inter- 
esting that in the Cr-Ni-Mo ternary system, Fig. 4, 
the o phase occurs as a ternary phase; none of the 
binary systems involved are known to have a o 
phase at any temperature. Here too, molybdenum 
appears to replace chromium in forming the o phase. 

Some exploratory work was done on the Cr-Co- 
Fe system at 800°C, a temperature where the Cr-Fe 
binary o phase exists. It was found that the o phase 
field extends continuously from the Cr-Co binary 
phase to the Cr-Fe binary phase, straight across the 
ternary system. Fig. 5 shows the o phase field in the 
Cr-Co-Fe system at both 1200°C and 800°C. The 
analogy of the Cr-Co-Ni and the Cr-Co-Fe systems 
at 1200°C suggests that in the Cr-Co-Ni system at 
some temperature lower than 1200°C the o phase 
might also extend all the way to the Cr-Ni binary 
system. The fact that none of the previous investi- 
gations of this binary system revealed the existence 
of the o phase might then be explained on the basis 
that in the temperature range in which the hypo- 
thetical Cr-Ni binary o phase is stable the rate of 
diffusion is so low that no appreciable amounts can 
form in practical periods of annealing. In the 
course of the present work, several attempts were 
made to verify this hypothesis, without success. If 
such a binary phase exists, it is apparently unstable 
at 500°C and above. 

The hexagonal phase designated by yu in Fig. 3 
was previously known in the Co-Mo binary system” 
as «. The new nomenclature was adopted in order to 
eliminate confusion with the body-centered cubic 
« phase at the Cr end of the Cr-Co system.’ 

As shown in Figs. 3 and 4, new ternary phases 
were found in the Cr-Co-Mo and Cr-Ni-Mo systems, 
designated as R and P respectively. The crystal 
structure of these phases is not known. Table II 
gives the computed d values and the estimated rela- 
tive intensities of their principal X-ray diffraction 
lines. Both of these phases are very hard. As judged 
by its tendency to shatter, the P phase appears to be 


Carom on 


Fig. 2—Isothermal section at 1200°C of the Cr-Co-Fe 
ternary phase diagram. Phases as in Fig. 1. 
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Fig. 3—Isothermal section at 1200 C of a portion of the 
Cr-Co-Mo ternary phase diagram. The structure of the new 
ternary R-phase is unknown 


almost as brittle as the o phase, but the R phase is 
distinctly less brittle 

Based on Pauling’s data for the distribution of 
valence electrons between cohesive and atomic or- 
bitals in transition elements, a correlation has been 
found in the above alloy systems between the com- 
position range of the o phase field and the concen- 

electron vacancies in the 3-d subband 
gives the following numbers for the elec- 
atom in the 3-d subband of the 
various transition elements of the third period: 
Cr, 4.66; Mn, 3.66; Fe, 2.66; Co, 1.71: and Ni, 0.61 

Assuming that these electron vacancy values are 
valid for the transition elements in their alloys with 
each other, the average electron vacancy concentra- 
tion in single phase alloys of these elements, N,, can 
be calculated according to the following formula: 

N 4.66(Cr) 3.66(Mn) 

1.71(Co) [1] 

where the symbols (Cr), (Mn), etc., stand for the 
atomic fractions of the corresponding elements in 
the alloy 


tration of 
Pauling, 
tron vacancies per 


2.66(Fe) + 
0.61 (Ni) 


The electron vacancy concentration in the 4-d 
subband of molybdenum is not known. Since 
molybdenum is a transition element following 


chromium in the same column of the periodic table, 
it might assumed that N. for the 4-d subband 
of molybdenum equals that for the 3-d subband of 
chromium. On this basis, the following formula mayy 
be used for molybdenum containing alloys 


be 


Mo) 3.66(Mn) 
1.71(Co) 


N 4.66(C1 
2.66( Fe) 0.61(Ni) [2] 

Fig. 6 shows the range of the o phase field in the 
1200 C isothermal sections in the ternary systems 
studied, and in the systems Cr-Ni-Fe” and Cr-Mo- 
Fe, with compositions plotted in atomic percent- 
ages. A series of straight and parallel “iso-vacancy” 
lines (solid lines), each of which represents a con- 
stant number of electron vacancies per atom, were 
also plotted in each diagram on the basis of formula2 
In the ternary diagrams with molybdenum, better 
alignment of the elongated o phase fields with the 
lines of constant N, values may be achieved by 
assuming a value of N 5.6 for molybdenum. Al- 
though such a value has not been suggested on the 


other evidence, the corresponding “iso- 


basis of 
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vacancy” lines were included in the figure (dotted 
lines in Fig. 6), as calculated from the following 

formula: 
N 5.6( Mo) 
2.66(Fe) + 


+ 3.66(Mn) + 
+ 0.61(Ni) 


4.66(Cr) 
1.71(Co) [3] 
The composition ranges of the o phase in the various 
ternary systems, expressed in terms of concentration 
of electron vacancies, are given in Table III. For 
the ternary systems with molybdenum, the com- 
position ranges were calculated on the basis of both 
formulas 2 and 3, and both sets of values are given 
in the table. 

These results indicate that the o phase is largely 
limited to alloys corresponding to the approximate 
range of 3.36 to 3.6 electron vacancies per atom, A 
notable exception is the Cr-Fe-Mo system, where 
the upper limit of the N, range is considerably 
higher. It is not impossible that equilibrium condi- 
tions were not attained in the Cr-Fe-Mo system and 
that the composition range of the o phase may be 
narrower than reported. In the Cr-Co-Mo and Cr- 
Ni-Mo systems the values for the lower limit cal- 
culated from formula 2 are distinctly lower than 
those in other systems. However, better agreement 
is reached by using formula 3. Although electron 
vacancy concentrations favorable to the o phase are 
in the range of 3.36 to 3.6, it does not follow that 
all alloys corresponding to this range consist at 
equilibrium of the o phase. As postulated by Duwez 
and Baen, other factors, such as relative atomic size, 


Table Ii. Typical X-ray Diffraction Patterns 
Radi- Radi- 
Line Est ation Line Est ation 
No. Int.* d Cr Ne. Int.* ” d Cry 
P Phase 
1 vw 2.650 x 25 mw 5.14 1.985 a 
2 vvw 2.388 8 26 “ ‘6.44 1.925 a 
3 vvw 2.381 8 27 “ 36.76 1.910 a 
4 vvw 2.329 Fs] 23 “ 37.07 1.987 a 
5 uw 2.191 8 29 vw $8.69 1.829 a 
6 mw 2.391 a 30 mw 60.21 1.317 x1 
7 mw 2.381 x 31 “ 60.39 1.317 a2 
8 mw 2.137 B 32 “ 60.99 1.307 al 
9 MA 2.332 a $3 vw 61.1 1.307 a2 
10 mw 2.102 B a4 w 61.5 1.300 al 
11 w“ 2287 «a 35 “ 61.62 1.301 a2 
12 “ 2.067 fs} 36 “ 62.71 1.285 al 
13 2040 vw 62.88 1286 a2 
l4 uw 2.031 8 38 mw 63.48 1.277 a 
15 s 2.190 a 39 mw 65.06 1.260 al 
16 2.175 40 “ 65.24 1.260 a2 
17 mw 2.137 a 41 mw 67.34 1.238 al 
18 m 2.102 a 42 w 67.51 1239 a2 
19 m 2.101 a 43 ms 73.17 1.194 al 
20 1 2.07 a 44 mw 73.47 1.194 x2 
21 m 2.067 a 45 “ 74.01 1.189 x1 
22 mw a 46 vw 74.28 1.189 22 
23 m 2.041 a 47 mw 76.42 1.175 al 
a4 ms 2.031 a 48 w 76.83 1.175 a2 
R Phase 
1 w 25.45 2.659 ' 22 ms 1.966 x 
2 vw 25.94 2.612 x 23 m 1.954 a 
3 vw 26.18 2.592 " 24 vw 1.890 x 
4 vw 26.43 2.336 8 25 “ 1.881 a 
5 vvw 26.87 2.529 a 26 vw 1.849 x 
6 “ 27.52 2.473 a 27 mw 1.770 a 
7 mw 28.59 2.173 8 28 vw 1.291 al 
8 mw 28.81 2.159 8 29 vw 1.293 x2 
9 29.29 2.337 30 1.280 al 
10 mw 29.59 2.107 fel 31 “ 1.280 +2 
11 w“ 29.91 2.291 a 32 mw 1.268 x1 
12 mw 90.45 2.053 8 $3 w 1268 a2 
13 vw 30.71 2.238 x a4 vw 1.263 
14 w 31.27 2.004 fa 35 vw 1.246 al 
15 “ 41.51 2.186 a 36 mw 1.246 a2 
16 s 31.76 2.171 x 37 “ 1.231 al 
17 s 31.97 2.159 , 38 mw 1.231 a2 
18 ms 32.87 2.106 a 39 “ 1.219 x1 
19 ms 33.85 2.052 a 40 mw 1.219 a2 
20 34.76 2.005 a 41 “ 1.207 al 
21 ms 35.11 1.987 a 2 “ 1.207 x2 
es strong m medium 
< weak vvw very very weak 
ms medium strong mw medium weak 
vw very wea 
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may be decisive in prohibiting the formation of the 
o phase in some cases where the above electron 
vacancy condition is fulfilled. 

The electron vacancy concentration ranges for 
some of the other intermediate phases present in the 
ternary systems surveyed are also indicated in Fig. 
6. These results are summarized in Table IV. It ap- 
pears that the electron vacancy concentration ranges 
of the various intermediate phases in the same sys- 
tem may overlap. 


Discussion of Results 


The observation that nickel, cobalt, and iron, on 
the one hand, and chromium and molybdenum, on 
the other, may partially or wholly replace each 
other in forming the o phase provides strong addi- 
tional support for the condition, formulated by 
Duwez and Baen‘ that the o phase may be formed 
when face-centered cubic transition elements are 
alloyed with body-centered cubic transition ele- 
ments. From the point of view of the electron 
vacancy concept, this condition is a result of the 
requirement for the formation of o that intermediate 
electron vacancy concentrations (about 3.36 to 3.6) 
be attained, between those for the face-centered 
cubic transition elements Ni, Co, and Fe (0.6 to 2.7) 
and those for the body-centered cubic transition 


Table Ill. Electron Vacancy Concentration Ranges for the Sigma 
Phase in Ternary Alloys. 


N° Electron 
Vacancy Cencentration 


Calculated Calculated 
Ternary from from 
System Formula 2 Formula % 
Cr-Co-Ni (1200°C) 3.36 - 3.57 
Cr-Co-Fe (1200°C) 3.42 - 3.57 
Cr-Co-Mo (1200°C) 3.18 - 3.57 3.35 - 3.57 
Cr-Ni-Mo ‘1200°C) 3.16 - 3.5 7 - 3.68 
Cr-Fe-Ni (650°C) 3.51 - 3.66 
Cr-Fe-Mo ‘650 
and 1300°C) 3.41 -407 361-444 


elements Cr and Mo (4.7 and possibly 5.6). Such 
intermediate values can be realized in alloys con- 
taining both types of transition elements. As seen 
in Fig. 6, the substitution rules for ternary alloys 
mentioned may be more sharply formulated in 
terms of this electron vacancy concentration re- 
quirement than in terms of atom for atom substitu- 
tion of one face-centered (or .imilarly one body- 
centered) cubic transition element for another. 
Since manganese has an electron vacancy number 
near the upper limit tolerated in the o phase, it 
might be expected that manganese metal itself, or 
manganese-rich alloys with other transition ele- 
ments would have favorable electron vacancy con- 
ditions to form the o phase. In fact, A. R. Troiano 
found that the X-ray diffraction patterns obtained 
for quenched specimens of a certain Mn-rich Mn-Fe 
alloy contained lines of the o phase. It might be 
also expected that in Cr-Co-Mn and similar ter- 
nary systems the o phase would be able to dissolve 
considerable quantities of manganese, thus forming 
extensive solid solution fields. The N,. values cal- 
culated from formula 1 of the present paper for the 
limits of the Cr-Mn o@ phase given by Pearson, 
Christian, and Hume-Rothery in their recent paper 
are 3.83 and 3.94. These values are much higher 
than the upper limit found for the various o phases 
investigated in the present paper. In order to bring 
about agreement, manganese would have to be as- 
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Fig. 4—Isothermal section at 1200°C of a portion of the 
Cr-Ni-Mo ternary phase diagram. The structure of the new 
ternary P-phase is unknown. 


signed a vacancy number of approximately 3.3 in- 
stead of Pauling’s value of 3.66. The cause for the 
anomalous behavior of manganese in these alloys is 
not well understood. 

In the Fe-V system the o phase appears to extend 
over a considerable range of composition. The con- 
centration limits at 700°C, as determined by Martens 
and Duwez" are 37 atomic pct and 57 atomic pct of 
vanadium. If it is assumed that the number of 
electron vacancies in vanadium is 4.66, as in 
chromium, the N, values for the o phase boundaries 
at 700°C are 3.29 and 3.80, respectively. The av- 
erage value is quite closely the same as that for the 
range of 3.36 to 3.6, given above for other o phases. 
An WN, value for vanadium similar to that for 
chromium is strongly suggested by the recent work 
of Martens and Duwez™ on the V-Cr-Fe ternary 
system, where the o phase forms a continuous series 
of solid solutions from the V-Fe to the Cr-Fe 
binary system, with the average atomic percentage 
of Fe remaining approximately constant from one 
end to the other of the series. For the recently dis- 
covered V-Co, V-Ni, and V-Mn oa phases the com- 
positions given in ref. 5 and the value of N, 4.66 
for vanadium lead to the following figures: N, 
3.21 for the V-Co alloy with 50.5 atomic pct vana- 


Fig. 5~-The sigma phase in the Cr-Co-Fe ternary system at 1200°C 
‘solid lines) and at 800°C (dotted lines). 
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Fig. 6—Survey of intermediate phases in ternary systems of transi 
tion elements, plotted in atomic percentage. Systems of straight 
lines represent constant electron vacancy concentrations, as indicated 


dium, 2.83 to 3.24 for the composition range of 55 
to 65 atomic pet vanadium in the V-Ni system, and 
3.9 for the V-Mn alloy with 24.3 atomic pct vana- 
dium. The last mentioned figure is too high, and may 
be brought in line with the usual range by assigning 
a lower vacancy number to manganese, as suggested 
in the previous paragraph. Interpretation for the 
low figures obtained for the V-Co and V-Ni « phases 
is at present not available 

After completion of this manuscript, a recent note 
by A. H. Sully” was brought to the attention of the 
authors. In this publication the correlation of o 
phase boundaries with electron concentration in 
various binary systems is investigated. The results 
correspond very well with those in the present 
paper, if it is kept in mind that, under the assump- 
tions made by Sully, the number of excess bonding 
electrons per atom, N,, is related to the number of 
vacancies per atom, N,, as follows: N 5.78 N 
On this basis, the critical value of N 2.25, found 
by Sully, corresponds to N 3.53, which is within 
the range of 3.36 to 3.60 given in the present paper, 
and near its upper limit 


Conclusions 


l1—-In the Cr-Co-Ni, and Cr-Co-Fe phase di- 
agrams at 1200 °C the Cr-Co « phase forms elongated 


Table IV. Electron Vacancy Concentration Ranges for Some 
Intermediate Phases 


N. Electron 
Vacancy Concentration 
Calculated Caleulated 
from from 


System Phase Formula Formula 
Cr-Ni-Mo 2.65 - 2.84 3.10 3.28 
Cr-Ni-Mo F 2.88 - 3.34 1.27 - 3.68 
Cr-Co-Me “ 1.05 - 3.28 146 -3.64 
Cr-Co-Mo RK 3.15 - 3.96 341-362 
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fields extending deeply into the ternary systems. 
The extension of the ternary solid solution fields 
suggests that in these systems nickel, respectively 
iron is capable of partially replacing cobalt in form- 
ing the o phase. At 800°C the o solid solution field 
extends all the way from the Cr-Co o phase to the 
Cr-Fe o phase across the Cr-Co-Fe ternary diagram, 
so that here Fe and Co are completely replacing 
each other. 

2—In the Cr-Co-Mo system at 1200°C the Cr-Co 
a phase forms an elongated field of ternary solid 
solutions suggesting that molybdenum is capable 
of partially replacing chromium in forming the « 
phase 

3—In the Cr-Ni-Mo system, in which no binary 
a phase is known to occur, at 1200°C o@ solid solu- 
tions form a ternary phase in which chromium and 
molybdenum may partially replace each other 

4—The above results may be interpreted in terms 
of electron vacancy concentrations. A condition for 
the occurrence of the o phase appears to be the at- 
tainment of a range of electron vacancy numbers 
per atom intermediate between that in the face- 
centered cubic transition elements, nickel, cobalt, 
iron, and in the body-centered cubic transition ele- 
ments, chromium and molybdenum 

5—In the Cr-Co-Mo system a new ternary phase 
R was found in a small concentration range between 
the » and yw phases. In the Cr-Ni-Mo system another 
new ternary phase, P, was located between the o and 
4 phases. The X-ray diffraction pattern of R is 
different from that of P, and both patterns appear 
to be different from those of all known phases in 
alloys of the transition elements. 
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Oxidation 


of Titanium 


The rate of oxidation of titanium in the temperature range 


Birchenall 


650° to 950°C has been measured. The linear rate law obtained 
is explained by interface reaction control of the process. Tracer 
experiments indicate the oxygen diffuses in at least one phase 


HE kinetics of oxidation of titanium, principally 

at low temperatures and under varying oxygen 
pressures, have been reported.’ * In the present in- 
vestigation the rates of oxidation of titanium have 
been determined by the gravimetric method in the 
temperature range 650° to 1000°C under 1 atm of 
oxygen. Some of the scales formed were powdered 
and an endeaver was made to identify the phases 
present by X-ray diffraction. 

Alexander and Pigeon’ ascribe a logarithmic rate 
law to the growth of thick films forn ed at tempeia- 
tures up to 565°C, and Gulbransen and Andrew 
suggest that the parabolic rate law holds up to 
600°C. In both cases large initial deviations from 
those relationships are apparent and no explanation 
is offered. 

In the present experiments it is shown that a 
linear rate law holds in the temperature range 650 
to 1000°C, and it is suggested that the initial devia- 
tions observed are due in part to a spurious surface 
area effect and also to the high solubility of oxygen 
in titanium metal. Positive information on the mech- 
anism of oxidation is not available, but oxygen ion 
diffusion through the lattice is inferred from the re- 
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of the scale. 


sults of trace experiments. X-ray analysis of the 
scale confirms Gulbransen and Hickman’s’® observa- 
tion on the presence of rutile TiO,. 


Experimental Details 

The titanium used in these experiments was pre- 
pared by the reduction of titanium tetrachloride 
with magnesium and was used in the form of rolled 
sheet. Samples approximately 0.040x0.5x0.75 in. 
were cut and polished to a fineness of 4/0 on metal- 
lographic polishing papers. 

Individual samples, suspended on a platinum wire, 
were lowered into the hot zone of a furnace, in 
vacuo, by means of a winch, and oxygen was ad- 
mitted after the desired temperature was attained. 
The increase of weight of single samples oxidized 
for fixed times at certain temperatures was deter- 
mined by weighing the sample before and after 
oxidation on a chemical balance. In these instances 
the sample was used for only one time at one tem- 
perature. In some cases the course of oxidation was 
followed by attaching the sample to a sensitive 
spring balance and noting periodically the extension 
of the spring with time of oxidation. 

Kirkendall type experiments were carried out by 
marking the surface of the titanium prior to oxida- 
tion with a solution containing radioactive silver. 
After drying, the specimen was heated in vacuo to 
decompose the silver nitrate used, leaving a small 
amount of metallic radioactive silver on the surface. 
Following oxidation, these samples were mounted, 
ground, and then placed in intimate contact with 
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Fig. 1—Isothermal curves showing weight increase with time of 
titanium oxidized in oxygen between 820° and 950°C 


No-Screen X-ray film for the purpose of obtaining 
autoradiographs 

High purity electrolytic oxygen was used through- 
out these experiments to avoid the possibility of 
nitrogen contamination 

Experimental Results and Discussion 

The rate of gain in weight of titanium oxidized 
at various temperatures is plotted in Figs. 1 and 2. It 
can be seen that, apart from initial deviations, the 
amount of oxygen uptake is a linear function of 
time 


The reaction rate is expressed by the equation 
Ww 
A 


lt 


where W is the gain in weight of the sample; A, the 
area calculated from the geometrical dimensions of 
the specimen; t, the time of oxidation, and l, the 
proportionality constant. Values of | at the tem- 
peratures studied have been obtained from the linear 
portions of the various isothermal curves and these 
are plotted in Fig. 3 as In l vs. the reciprocal of ab- 
solute temperature. The values at various tempera- 
tures are given in Table I. Several check runs’ on 
iodide titanium in the range 900° to 1000°C showed 
no appreciable differences 

The relative densities of TiO, which forms a con- 
siderable part of the scale and titanium metal satisfy 
the Pilling and Bedworth’ relationship for the for- 
mation of protective scales, and it is thus surprising 
that a linear rate law should obtain for the oxida- 
tion of titanium 


Fig. 2--Rates of titanium oxidation between 650 
and 820°C 
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The initial deviations from linearity indicated in 
Fig. 1 are attributable to a surface area effect at 
least in part; that is, the true surface area exceeds, 
initially, the surface area calculated from the geo- 
metrical dimensions of the specimen by some rough- 
ness factor. This effect disappears when the scale 
attains a minimum finite thickness (which will de- 
pend upon the initial surface preparation). Some 
confirmation of this surface area effect is shown by 
the value of the W/A, the weight gain/unit surface 
area, at zero time obtained from extrapolation of 
the linear portions of the various curves. This ap- 
proaches zero as the temperature is raised, Fig. 1. 

There is, to the knowledge of the authors, only one 
other case in the literature of a linear rate law for 
the oxidation of metals which form a “protective” 
scale.” This is for aluminum between 500° and 
550 C. Those metals which do conform to a linear 
rate law are reactive metals such as sodium and 
magnesium for which the molecular volume of the 
oxide is less than the molecular volume of the metal. 

A complete analysis of the oxidation process with 
regard to titanium is made unusually complex by 
the exceedingly high solubility of oxygen in the 
metal, so that during oxidation a considerable por- 
tion of the oxygen uptake enters into solid solution 
in the metal. This process may contribute also to the 
initial deviation from linearity. In many cases, com- 
plete mechanical separation of metal and scale is 
possible and in one case (titanium oxidized for 100 
min at 900°C) it was found that assuming the scale 
to be 100 pet TiO,, then 36 pct of the total oxygen 
entered into solid solution in the metal. 

Analysis of a sample oxidized until all metal was 
consumed yielded the average formula Ti.O, and so 
the value of 36 pct of total oxygen absorbed enter- 
ing into solid solution is low. Since X-ray analysis 
ot some of the scales has indicated the presence of 
only TiO., an average formula of Ti,O, can only be 
explained by the existence of a lower oxide with a 
wide composition range, since appreciable quanti- 
ties of a lower oxide of fixed composition would yield 
a diffraction pattern for the amounts of lower oxide 
required to give the average composition observed 
It is certain that the solubility of oxygen in titanium 
is high, but detailed information on the Ti-O system 
is lacking. Ehrlich* submits information on the exist- 
ence of three intermediate phases of lower oxygen 
concentration than that required for the formation 
of TiO.. These are in order of increasing oxygen con- 
-entration: 


Limits of Composition 


-TiO, 
TiO, ..-TiO, 
TiO, , -TiO, . 


Phase Type of Structure 


5 NaCl 
y a Corundum 


B 


Rutile, TiO, is ascribed a range in composition from 
TiO,, to TiO.. 

Only one of the above oxides, the 6 phase, would 
satisfy the requirements stated previously for a 
scale of average composition Ti,O, whose X-ray dif- 
fraction pattern would yield only lines due to TiO.. 
(A small amount of Ti,O, may be present in the 
scale. Thomas, using more sensitive X-ray tech- 
niques, was able to identify the presence of this 
phase. A lower oxide was also indicated but not 
identified. ) 


* The case of tungsten is not truly analogous since oxides formed 


on that metal grow out in blocks perpendicular to the surfaces of a 


parallelepiped specimen. In titanium the oxide is compact and con 


tinuous around the metal 
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The linear rate law obtained for the oxidation of 
titanium can be explained on the basis that the 
process is controlled by some interface reaction, such 
reaction being of zero order, and it seems most likely 
that the controlling reaction occurs at the oxide- 
oxygen interface. 

Were the process controlled by the reaction at the 
metal oxide interface, then it could be expected that 
the a to 8 transformation in the metal would affect 
the reaction rate. The most recent information” on 
the effect of oxygen on the transition temperature 
of titanium, which occurs at about 880°C in the pure 
metal, indicates that the transition temperature is 
raised by the presence of oxygen in solution. With 
normal impurities in Kroll titanium, the transfor- 
mation occurs over the range 860° to 970°C. Any 
tendency toward lower transformation due to im- 
purities should be counteracted by the oxygen dis- 
solved in the metal. A break in the rate curve, Fig. 3, 
is obtained at about 830°C, but this cannot be attri- 
buted to the phase transformation. Above 830°C In 
l is another linear function of 1/T with no inflec- 
tions observed at temperatures up to about 1000°C. 

The strong dependence of the rate of oxygen up- 
take by titanium, during oxidation, on oxygen pres- 
sure as found by Gulbransen and Andrew’ seems to 
support the theory of interface reaction rate control 
of the oxidation process. The composition of titanium 
oxides in equilibrium with varying pressures of 
oxygen is unlikely to change owing to the apparently 
very low dissociation pressures of those oxides, and 
it is thus unlikely that a diffusion controlled process 
(inferred by a parabolic rate law) would be de- 
pendent on oxygen pressure unless that pressure was 
of the order of the oxygen dissociation pressure of 
the oxide. On the other hand, it is probable that a 
surface reaction rate would be sensitive to oxygen 
pressure 

It can be expected that the plot of In I vs. 1/T for 
such a surface reaction will yield a straight line and 
the apparently sharp break in this plot at 830°C 
cannot be fully explained. A similar occurrence ob- 
served in the oxidation of magnesium” is associated 
with the oxidation of that metal in the vapor phase. 
Oxidation proceeds by the molecular diffusion of 
oxygen through the oxide and subsequent reaction 
at the metal-oxide interface. The inflection obtained 
is attributed to the rapidly increasing vapor pres- 
sure of magnesium with temperature and is fully 
explained in the paper. It is very unlikeiy that a 
similar phenomenon obtains in titanium oxidation 
because of the very low vapor pressure of titanium 
at these temperatures. 

However, a change in color of the outer oxide was 
noted. Scales formed at 820°C or below exhibited 


Table |. Values for — the Linear Rate Constant at 
Various Temperatures 


Ti Oxidation 
Temperature, i( = G per 
oc 


1 T Deg. Abs. Sq Cm per Min) 
650 10.83x10-* 2.0x10-* 
680 10.49 2.7x10-* 
725 10.02 6.7x10 
775 9.54 1.65x10-* 
800 9 32 2.25x10-* 
820 915 3.4x10-* 
830 9.07 6.0x10-* 
845 8.94 8.8x10-* 
860 8.83 1.02x10 
900 8.53 2.25x10 
920 8.38 3.35x10 
950 8.18 4.9x10 
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Fig. 3—Plot of the logarithm of |, the linear rate con- 


stant vs. reciprocal of perature in the 
dation of 


a yellow color on the outer surface whereas those 
formed above that temperature were orange to 
brown in color. Although rutile may change its color 
with changing oxide content, there may be a change 
in the nature of the outermost oxide resulting in a 
change in the reaction rate. The change may be due 
to a phase transformation in the oxide or to the ap- 
pearance of a new oxide on the surface. The yellow 
outermost oxide may be TiO,, but scant information 
is available on this oxide. It is possible that the dis- 
sociation pressure of this oxide approaches 1 atm 
about 830°C and the change in color and reaction 
rate may be attributable to this effect. 

To determine the mechanism of oxidation, at- 
tempts were made to follow the movement of inert 
markers as in experiments by Pfeil," Smigelskas and 
Kirkendall,” and da Silva and Mehl.” The marker 
employed in this case was radioactive silver anj the 
autoradiographic technique was used in the endeavor 
to locate the marker after oxidation. Since no trace 
of the radioactive material was obtained, it is pre- 
sumed that the silver remained at the oxide-oxygen 
interface and was evaporated during the appreciable 
times (four days) required to form thick scales at 
about 900°C. The silver activity employed was high 
enough that if it had dissolved in the metal and/or 
oxide, it should have been detected in the Geiger 
counter measurements which were tried. In similar 
experiments to determine the diffusing ion involved 
in the growth of aFe.O,," the inert radioactive marker 
could not be located. Conductivity studies on this 
oxide confirm that the oxygen ion is mobile in the 
growth process. The markers in other oxides were 
located easily when embedded below the surface. 
During the growth of wiistite on iron” the platinum 
wires on which the samples were hung became 
enveloped by the growing oxide. This did not occur 
in the case of titanium oxidation. These results seem 
to indicate that diffusion of oxygen ions is responsible 
for the growth process, in at least the outer layer of 
oxide. That oxygen diffuses in TiO, is suggested by 
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the composition limits for that phase given by 
Ehrlich which show rutile to be an oxygen deficient 
lattice 

A complete metallographic examination of the 
scales formed was not possible owing to the ex- 
tremely brittle nature of the oxides 


Summary 

The results of this investigation and of a previous 
uncompleted investigation show that titanium oxi- 
dized according to a linear rate law, which may be 
associated with the interface reaction at the oxide- 
oxygen interface. Slight deviations observed in the 
behavior of iodide-refined and “Kroll” titanium’ may 
be attributable to the presence of impurities, and in 
particular the presence of hydrogen in titanium pro- 
duced by the magnesium reduction of TiCl, may be 
responsible for those deviations observed. 

The initial nonlinear relationship between oxygen 
uptake and time of oxidation is attributed to a 
spurious surface area effect and to the high solubility 
of oxygen in titanium metal. Rates of oxidation of 
titanium at various temperatures have been calcu- 
lated and a reason for the inflection in the plot of 
In | vs. 1/T postulated 

Experiments to determine the mechanism of oxi- 
dation indicate that the diffusion of oxide ions is 
involved in at least part of the scale 

It is suggested that further work on the oxidation 
of titanium should be preceded by accurate deter- 
mination of the Ti-O phase diagram. Subsequent use 
of refined techniques to evaluate the nature and rela- 
tive amount of the various phases in the scale should 
enable the calculation of data relative to their rates 
of formation and also to the diffusion of oxygen in 
the metal. In the light of the present experiments, 
it is unlikely that the diffusion data of Alexander 
and Pigeon’ can be very accurate, since it seems that 


the simultaneous occurrence of an increase in thick- 
ness of the film and diffusion’ of ‘oxygen into the 
metal does not permit a separation of the numbers 


relative to each process from the experimental re- 
sults available. 
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In the January 1951 issue, p. 64, TN 50E, Crystal- 
lographic Angles for Magnesium, Zinc and Cadmium 
by Edward I. Salkovitz: Table I contains errors in 
the crystallographic angles which have been pointed 
out by J. F. Nicholas, of the Division of Tribophysics, 
Commonwealth Scientific and Industrial Research 
Organization, University of Melbourne, Carlton, Vic., 
Australia. In transmitting the corrections, he com- 
mented as follows 

The accompanying table lists the corrected angles 
where the discrepancy is 0.2) or more. The c/a 
ratios used in the technical note and in the correc- 
tions are the generally accepted values measured by 
Jette and Foote’ on very pure metals at a tempera- 
ture of 25°C, but do not always agree with the values 
of c¢ and a given in Metals Handbook, 1948 edition 
a ratios of at most 0.0002 will 
(HKIL) (0001) by 0.1° 


Jette and F. Foote Journ i Che Physics (1935) 3% 


An increase in the c 


increase the angles for 
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Correction 


Such increases can be caused by temperature rises 
of approximately 90°, 2°, and 3°C for magnesium, 
zinc, and cadmium, respectively, or by small 
amounts of impurity. 


Corrected Values for Table | 


HKIUL hkil Magnesium Zine Cadmium 
(c/a =1.6235) (c/a= 1.8563) (c/a= 1.8859) 

0001 1016 17° 21.1 

1014 28° 11.1 

2025 6° 519 40° 36.6 

2023 55° 26.4 

1011 61° 55.4 

2132 70° 344 

2131 78° 36.0 80" 00 

1124 42° 52.0 


1231 78° 36.0 80 0.0 
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The highly reactive Ti-Mo and Ti-Cb alloys were prepared and 
heat treated under protective conditions. 


Phase diagrams were 


established based on micrographic and X-ray diffraction analysis 
and detection of incipient melting. 4 titanium forms a continuous 
series of solid solutions with both molybdenum and columbium, 
whereas these metals are only slightly soluble in the « titanium 


REVIOUS work on the Ti-Mo and Ti-Cb systems 
was very limited and is discussed in succeeding 
sections of this paper relating to the respective 
phase diagrams. The diagrams in the present work 
were determined principally by micrographic analy- 
sis, because other methods such as thermal analysis 
and dilatometry are not suitable, due to the low dif- 
fusion rates of these alloys in the transformation 
range. X-ray analysis was believed less useful than 
micrographic analysis because: 1—On quenching 
certain high titanium alloys from above their trans- 
formation range, the body-centered cubic 8 phase 
decomposes into acicular a (hexagonal close-packed ) 
which room temperature X-ray diffraction tech- 
niques cannot differentiate from isothermal a. 2— 
High temperature X-ray techniques might be used, 
but are difficult to apply «and are subject to error 
because of the high reactivity of titanium with gases 
such as oxygen and nitrogen. Although metallo- 
graphic study was the basic method used, X-ray 
diffraction analysis was applied to a limited extent, 
to further substantiate the findings. 

The transformation ranges on the titanium side 
of the Ti-Cb and Ti-Mo systems were studied both 
with DuPont Process A (magnesium-reduced) ti- 
tanium alloys and with iodide titanium alloys. The 
Process A metal was used chiefly to bracket the 
transformation range in order to reduce the number 
of alloys given a particular treatment for the more 
accurate final study with iodide titanium alloys. 


Experimental Procedure 
The analyses of the metals used in the prepara- 
tion of alloys for this study are presented in Table I. 
Melting Practice: Early in the work, a consumable 
electrode, arc melting furnace was used in the prep- 
aration of the Process A Ti-base Mo and Cb alloys. 
This type of furnace has been described by other 
investigators. One of the major difficulties of the 
consumable electrode melting process was the prep- 
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modification. 


aration of homogeneous electrodes (with the mixture 
of coarse titanium sponge and fine powder alloying 
addition) which would give homogeneous ingots. 
Composition gradients encountered may have been 
due to a tendency for powdered alloying metals to 
drop away from the electrode in handling. This dif- 
ficulty in the preparation of homogeneous alloys was 
overcome by the use of a nonconsumable electrode 
furnace for later work. 

This furnace is similar to the one used by Mc- 
Pherson and Fontana’ at Ohio State University. A 
diagram of the nonconsumable electrode are furnace 
is given elsewhere.‘ The source of power was a 400 
amp de welding generator. 

Electrode tips of tungsten (‘2 in in diam) were 
used for all columbium melts and for a limited num- 
ber cf molybdenum melts. Molybdenum tips were 
used for the majority of molybdenum alloy melts 
Columbium tipped electrodes were tried, but dis- 
integrated rapidly at currents above 300 amp 

In the Process A titanium melting practice the 
metals were charged into the water-cooled spun 
copper crucible in the following forms: 1—titanium: 
sponge (—4+16 mesh); 2—molybdenum: sections of 
0.003 in. sheet (approximately ‘2 in. sq); and 3— 
columbium: powder compacts ('s in. lumps broken 
from large section). After alternately evacuating and 
purging the furnace several times with argon or he- 
lium, the arc was struck against the metal charge, 

M. HANSEN, Member AIME, is Assistant Chairman, and H. D 
KESSLER and D. J. McPHERSON are Research Metallurgists, Metals 
Research Dept., Armour Research Foundation of Illinois Institute of 
Technology, Chicago. £. L. KAMEN is Lieutenant Junior Grade, 
U. S. Navy. 

Discussion on this paper, TP 3148E, may be sent, 2 copies, to 
AIME by Dec. 1, 1951. Manuscript, April 16, 1951; revision, Aug 
6, 1951. Detroit Meeting, October 1951. 

This paper is a condensation of the Final Report on an Air Ma- 
teriel Command sponsored project, Contract No. AF33(038) -8708, 
E. O. No. 605-225. 
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which weighed 50 to 100 g. In general, 300 amp eas 
applied for about 2 min, until most of the material 
in the crucible was melted. The current then was 
raised to 600 amp, and the arc so directed as to blast 
through the melt over the entire area covered by the 
molten metal. Using this blasting technique, only 
one or two remelts had to be made to produce a 
homogeneous ingot 

The iodide titanium alloy melting practice was 
imilar to that used for Process A titanium, with the 
addition of several refinements. The major change 
for iodide titanium alloys was the adoption of a cop- 
per block crucible insert. As iodide melts ranged in 
ize from 5 to 30 g, a smaller melting cavity was 
desired. Adjacent to the cavity was a tungsten in- 
sert, projecting above the level of the surface of the 
block. The are was struck against the tungsten insert 
and then was carried over to the charge in the block 
cavity. With this technique, the electrode neve: 
contacted the charge and, thus, a possible source of 
contamination was eliminated. The iodide titanium 
was charged in the form of small sections cut from 
1/16 in. sheet obtained by cold rolling hairpin bars 

All columbium and molybdenum alloys were 
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Fig. | ‘lefti—A 50 pct 
Process A Ti-Mo alloy 
cast and homogenized at 
1250°C for 20 hr. Etch 
ont, | pct HF, 3 pct 
HNO, in water. X250 


Fig. 2 (right) —Same 

alloy as Fig. |, but 

without homogenization 
treatment 


melted at least three times to achieve homogeneity 
To avoid reopening the furnace and purging it, a rod 
was used to invert the ingot after each remelting 
operation. Complete dissolution of the high melting 
columbium and molybdenum additions in the melt 
was insured by radiographic inspection of samples 
Helium gas at atmospheric pressure was used for all 
iodide melts and little or no hardness increase was 
obtained during the melting process 

When melting on the copper block, the current 
was never raised above 350 amp, as higher currents 
were found to cause the molten titanium alloys to 
wet the copper. Arc voltages of 30 to 35 v gave 
satisfactory arc lengths for most melting work in 
helium. Tungsten pickup from the tungsten tipped 
electrodes was generally less than 0.10 pct 

Annealing Treatments: Early in this investigation 
it was decided to anneal all specimens in evacuated 
Vycor bulbs rather than in inert atmospheres, where 
oxygen and nitrogen contamination could possibly 
occur during long heat treatments. It was found that 
8 solid solution samples annealed in argon were 
characterized by a surface layer containing a phase 
stabilized by oxygen and/or nitrogen, whereas no 
contamination took place in the Vycor bulb 

In order to prevent collapse of Vycor bulbs during 
treatments at 1000° to 1150°C a reduced pressure of 
argon was admitted to the bulbs at room tempera- 
ture. The argon pressure was regulated so that it 
would balance one atmosphere at the temperature 
of treatment. The alloys were quenched after heat 
treating by breaking the Vycor bulb under the sur- 
face of cold water to allow direct cooling of the 
specimens 

One of the first steps in the annealing program 
was the determination of the optimum treatment to 
bring the alloys toward equilibrium at the various 
temperature levels. A program was undertaken to 
show the effects of increased annealing times, cold 
work, and repeated cold work-annealing cycles upon 
the structures of alloys. The results of this program 
indicated which of the several treatments under- 
taken appeared to achieve equilibrium conditions 
for the various alloys. As a factor of safety, cold 
work prior to the isothermal anneal and substan- 
tially longer annealing times than those determined 
in the above program were employed. The furnace 
temperature control was within +5°C of the re- 
ported temperatures. 

Homogenization: Certain of the high Ti-Cb and 
Ti-Mo alloys showed coring even after hot forging 
and annealing treatments. Therefore, it was found 
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Fig. 4 ‘lefti—A 2 pet 
nominal Mo alloy 
quenched after anneal- 


ing at 855°C 
Isothermally formed oa 
grains in a matrix of 
acicular a transformed 
from 8 during the 
quench. Etchant: 1 pet 
HF. & pet HNO, in 
water. X500. 


Fig. 5 ‘right)—A 2 pct 

nominal Mo alloy 

quenched after anneal- 
ing at 746°C 


The predominant phase 
is retained 5 and the 
minor phase is isother- 
mally formed a. Etch- 
ant: | pet HF, 3 pet 
HNO, in water. X500. 


necessary to homogenize these alloys at high tem- 
peratures to promote sufficient diffusion to eliminate 
the composition gradients. 

As Vycor bulbs were found to be unsatisfactory at 
temperatures greater than 1150°C, a new method 
was devised for making these high temperature 
treatments. The specimens were placed in a hole 
drilled in a titanium ingot and a titanium cap was 
welded over the top in the are furnace under condi- 
tions similar to those used for melting alloys. By 
this method, the specimens were enclosed in a gas- 
tight container which gettered any oxygen or nitro- 
gen present in the furnace atmosphere. Titanium 
turnings were placed with the specimens to aid in 
gettering the small amounts of contaminants present 
in the inert gas used in the arc melting furnace 

The alloys included in the metallographic studies 
were homogenized for 20 to 40 hr at 1250°C. The 
beneficial effect of this treatment in removing coring 
can be seen by comparing the structures of a 50 pct 
Mo-Process A titanium alloy with (Fig. 1) and with- 
out (Fig. 2) previous homogenization treatments. 

In spite of the precautions taken to achieve com- 
plete homogenization of the higher Cb and Mo-bear- 
ing alloys, it was found that some residual coring 
still persisted in certain of these. While this is not 
of great importance in interpretation of microstruc- 
tures of the alloys whose composition clearly places 


them in the single-phase § solid solution field, it 
would tend to affect the placement of the B/a + 8 
boundary, especially at the lower temperature levels, 
where the rate of diffusion is low. A further dis- 
cussion of this matter will be given in the sections 
dealing with Ti-Cb and Ti-Mo systems. 

Solidus Determinations: A high temperature, vac- 
uum induction furnace similar to the one described 
by Schramm, Gordon and Kaufmann® was con- 
structed for determination of solidus temperatures. 
A description of this unit, details of operation and 
temperature calibration are available.‘ 

Solidus curves and melting points of the metals 
were established with the aid of this equipment. The 
technique employed was to heat an alloy of given 
composition until visual signs of melting were ob- 
served, then quench a series of specimens of the 
same composition at approximately 20°C intervals 
below the temperature of observed melting, and 
examine them metallographically for evidence of in- 
cipient melting. The estimated accuracy is discussed 
along with results of the work in succeeding sections 
of the paper, under systems to which they apply. 

X-ray Diffraction Method: X-ray diffraction pat- 
terns of iodide titanium alloys which retained the 
8 phase at room temperature were taken with a 
Debye camera and CuK, radiation. The camera 
radius was 7.18 cm. The exposure conditions were 


Purity. 
Metal Pet Form Fe Al Mn 


Process A 99.71 Sponge 0.10 
Titanium‘ 99.77 

lodide 99.9 Hairpir 
Titanium* ; Bar 

Columbium 99.8 80 mesh 0.005 


Molybdenum 99.9 80 mesh 


Impurities, Pet 


Metal Ta O TiO sio 


Process A 


Titanium* 
lodide 
Titanium* 


0.002 0.025 


Columbium 
Molybdenun 


* Supplied by the Air Materiel Command for this work 
Average spectrographic results of several bars—checks indicate 
Diamond Pyramid hardness (30 kg load! run on melted buttons 


Table |. Analyses of Metals Used 


Impurities, Pet 
c Co + Ni o H N 


0.02 0.140 0.006 0.005-0.009 


0.074 Trace 


0015 0.02 0.045 
Max 


Hardness 
si Vickers! Source 


144-159 E. 1. du Pont de Nemours & Co 
74-86 New Jersey Zinc Co 


Fanstee! Metallurgical Corp 
Fanstee!] Metallurgical Corp 


purities present 1 0.05 to 0.001 pet range 
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Fig. 6 ‘upper left)—A 
0.75 pct Mo alloy 
quenched after anneal 
ing ot 802 C 
Primarily isothermal oa 
with small particles of 
8 phase included. This 
alloy is very close to the 
boundary Etch- 
ant: | pet HF, 3 pet 
HNO, in water. 


Fig. 7 (upper right! —A 
3.4 pet Mo alloy 
quenched after anneal 


ing at 802°C 
A mixture of @ (white) 
and 8 (gray - trans- 


formed) phases Etch- 
ant: | pet HF, 3 pet 
HNO, in water. 


Fig. 8 ‘lower left!—An 
84 pct Mo alloy 


enched after anneal 
mS qu 
Nig ‘A ing at 802°C 
Approaching the § « 
Sa 2s boundary. Small par 
2 ~~ ticles in a matrix of 
Ay, o from during the 
quench. Etchant: | pet 
HF, pet HNO, in 
} water, 
= Fig. 9 ‘lower right) —A 
96 pct Mo alloy 
3 quenched after anneal 
2/8 ing ot 797°C 
This alloy is still in the 
; two-phase field, but the 
= is now retained. Etech- 
th ant: | pet HF, 3 pet 
~ 
: 


4 hr at 40 kv and 8 ma,‘and each line was measured the contents had cooled to room temperature. The 
twice. The a. values were obtained for each film by powders were then mounted in pyrex capillaries for 
extrapolating the plots of a vs. cos #@ to cos¢ 0 ease of handling. 

The alloy specimens were first homogenized for 4 . ; 
hr at 1400 C and 40 hr at 1250°C. The powders for Titanium-Molybdenum System 
the X-ray work were then obtained by filing the A limited amount of information exists in the 
homogenized samples. The powders were annealed literature on the system Ti-Mo. Kroll" has stated 
for 1 hr at 860°C in titanium capsules fitted with that alloys containing up to 5 pet Mo form solid 
titanium plugs, and the capsules were sealed in solutions and melt above the melting point of ti- 
evacuated Vycor bulbs at less than 5 microns pres- tanium. The Climax Molybdenum Co.,’ studying Mo- 
sure. Cooling was effected by quenching the bulbs base alloys, found that the solid solubility of ti- 
tanium in molybdenum is at least 18 to 20 pet. This 
conclusion was premised upon the identification of 
second-phase particles as oxides rather than a Ti-Mo 


in cold water. The bulbs were not broken open until 


intermediate phase. Gonser has stated” that, on the 
basis of powder metallurgical studies,” molybdenum 
has complete solubility in 8 titanium 


Table 


Analyses of lodide Titanium-Molybdenum Alloys 


Alley Moe. w. 
Designation Wt Pet Wt Pet 


IM 0.5-640 


< 
Fig. 1O—A 70 pct nominal Mo alloy homogenized at 
1250°C. 4 solid solution. Etchant: | pct HF, 3 pct 
HNO, in woter. X250 
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IM 1-654 12 0.15 
IM 3-653 0.20 
IM 4-670 7.7 0.12 
IM 5-671 5.5 0.10 3 
IM 7-673 65 
IM 8-674 8.4 
IM 9-675 96 007 
IM 10-676 10.4 4 
| IM 11-677 11.3 
IM 13-726 13.6 4 
IM 14-727 15.1 
: IM 18-731 18.4 
j IM 19-732 19.3 : 
IM 20-733 20.3 0.08 a 
IM 23-737 23.2 f 
IM 24-738 24.3 : 
IM 27-769 27.2 
IM 28-770 27.7 ie 


The microstructures of alloys with 1.86, 2.36, 3.82, 
and 4.65 pet Mo have been examined by Craighead, 
Simmons and Eastwood” after-annealing for 30 min 
at temperatures of 788°, 843°, 871°, 899°, 927°, and 
955°C, followed by quenching. According to these 
data, the maximum solid solubility of molybdenum 
in « titanium is less than 1.86 pct within the tem- 
perature range studied, and the minimum molybde- 
num solubility in 8 titanium is between 3.82 and 
4.65 pet at 843°C. 

Results: The analyses of iodide titanium-molybde- 
num alloys used in determining the phase diagram 
are listed in Table II. Although Process A Ti-base 
alloys were first used to establish the approximate 
phase boundaries of the system, only the more ac- 
curate diagram determined with iodide titanium- 
base alloys is detailed here. 

The a + 8 field is outlined in Fig. 3. The maxi- 
mum solubility of molybdenum in a titanium is 
about 0.8 pet, and the minimum solubility in 8 ti- 
tanium, approximately 28 pct at 600°C. The pre- 
treatment and annealing data for Fig. 3 are sum- 
marized in Table III. Figs. 4 and 5 show a 2 pct 
nominal Mo alloy as treated according to the 
schedule of Table III and quenched from the tem- 
peratures 855° and 746°C, respectively. The decrease 
in amount of 8 phase with decreasing temperature 


Table IIl. Schedule of Treatments for lodide-Titanium-Molybdenum 


Alloys 
Anneal- Anneal 
ing ng 
Tempera- Time. Alleys, 
ture, Pretreatment* Hr Pet Me 
855 P30-36; XR65-78 120 0.5-2,7,8 
849 P8-50; XR64-76 90 3-6 
802 P8-50; XR63-78 160 0.5-8 
797 P17-44; XR74-80 170 9-12 
746 P11-44; XR65-82 200 0.5-2.12-19 
700 P 18-39; XR65-77 300 0.5-2,18-24 
649 P 15-39; XR65-77; H, W20-54 415 0.5-2,20-29 
600 P13-38; XR27-76; H, W20-47 648 0.25-3,24-33 


"Ff Cold compressed, pct XR-—Cold rolled after compression 
pet. H—Homogenized, 1250° or 1400°C. W-—Cold rolled, pct 


may be noted. The change in grain size with an- 
nealing temperature is also obvious in these figures 

Figs. 6 to 9 are a series of micrographs of alloys 
containing 0.75, 3.4, 8.4, and 9.6 pet Mo as quenched 
from approximately 800°C after the treatments 
scheduled in Table III. This series shows the struc- 

urcs obtained in the traverse across the a + 8 field. 

It may be noted that, at this quenching temperature, 
the 8 phase has transformed in the 8.4 pct Mo alloy, 
but is retained in the 9.6 pct alloy. 

The 8/a + 8 boundary was difficult to establish at 
the lower temperatures (650° and 600°C), in part 
due to a slight residual coring despite homogenizing 
treatments, and partly due to a slow approach to 
equilibrium during isothermal annealing in this tem- 
perature range. The lower end of this curve is 
therefore shown as a broken line. 

The apparent absence of intermediate phases in 
this system is indicated by the typical structure of 
a homogenized 70 pct Mo alloy, Fig. 10, which shows 
a single-phase, 8 solid solution. The evidence ob- 
tained does not entirely exclude the possibility of 
the existence of a transformation in the Mo-rich 
alloys at the lower temperature levels. No system- 
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Fig. 11—lodide titanium-molybdenum phase diagram 


atic search was made in this composition-tempera- 
ture area. 

The overall diagram, including the solidus line, is 
shown in Fig. 11. The accuracy of this solidus curve 
is, in general, about 25°C. This is determined 
principally by the quenching increments chosen, 
which were larger than the frecision of tempera- 
ture measurement in this temperature range. The 
liquidus curve was drawn in to complete the ap- 
pearance of the diagram and is not based on ex- 
perimental data. 

Lattice Parameter Measurements of B Phase of 
lodide Titanium-Molybdenum Alloys: Lattice para- 
meter measurements were made on alloys containing 
20, 30, 50, 60, 70, 80, and 90 nominal pet Mo by 
weight. Body-centered cubic 8 titanium is isomor- 
phous with molybdenum, and £ solid solution may 
be retained by quenching alloys containing as little 
as 10 pet Mo from 860°C. All of the alloys used for 
this work were treated in this manner and revealed 
single-phase structures microscopically. 

The data are plotted vs. composition (atomic per- 
cent) in Fig. 12. The molybdenum lattice para- 
meter was taken from Barrett." The lattice para- 
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Fig. 12—Lattice parameter-composition curve for Ti-Mo alloys. 
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+8 fields in the 
Process A and iodide titanium-molybdenum systems 


Fig. 13—Comparison of the extent of the « 


meter-composition curves for the Ti-Mo and Ti-Cb 
systems based on nominal compositions and 
therefore can be considered only as qualitative in- 
formation corroborating the extent of the £ solid 
olution range, rather than quantitative data 
Additions of iodide titanium increase the lattice 
parameter of molybdenum, but not as a linear func- 
tion of composition. The parameter curve shows an 
appreciable negative deviation from Vegard’s law 
The Climax Molybdenum Co.’ has studied the ef- 
fect of “commercially pure” titanium sponge ad- 
ditions up to about 16 pet (weight) on the lattice 


are 


parameter of molybdenum. Although the Climax 
work cannot be compared vefy readily with the 
present findings because of the differences in ti- 


tanium used, type of X-ray specimen, and treatment 
of specimens, the trend of the parameter curve (in- 
dicating strong deviation from Vegard's law) is in 
general agreement with that of the present data 
The 60, 70, 80, and 90 wt pct Mo alloys displayed 
diffraction patterns containing low angle lines 
foreign to the body-centered cubic structures. Solid 
treated in a manner identical to that for 
failed to new phase 
The source of these extra lines was 


pecimens, 
the X-ray 
microscopically 
discovered 


powders reveal a 


not 
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Fig. 16—lodide titanium-columbium phase diagram. 


Comparison of the Ti-Mo Diagrams: A comparison 
between the solid state phase diagrams of iodide 
titanium-molybdenum and Process A Ti-Mo alloys 
is depicted in Fig. 13. The 8/a + 8 curve for Process 
A alloys was not extended to 100 pct Ti because it 
is well known that the transformation of Mg-re- 
duced titanium occurs over a range of temperature 
The entire a + 8 field is broadened by the use of 
Process A metal rather than iodide titanium. This 
was expected to be the case in view of the known 
effect of oxygen and nitrogen in raising the trans- 
formation temperature and stabilizing the a phase 
The difference is illustrated by Figs. 14 and 15. Fig 
14 shows a 15.1 pet Mo alloy (iodide base) heat 
treated at 746°C. The structure consists entirely of 
8 solid solution. Fig. 15 is a 15.6 pet Mo alloy 
(Process A base) quenched from the same tempera- 
ture after long annealing. This alloy still contains 
a considerable ammount of a phase. 

The solidus curves determined for the two types 
of alloys superimpose upon one another within the 
limits of accuracy of the method: therefore no over- 
all diagram comparison of Process A vs. iodide alloys 
is presented 


Tit 


No prior investigation of the phase diagram of 
this system has been reported. However, Gonser* has 


System 


Fig. 14 (left}—A 15.1 


» Single phase solid solu- 
~ pet HNO, in water. 


Fig. 15 (right) —A 15.6 pct 
> Mo (Process titanium 
alloy quenched after an 
+ ~ on nealing at 746°C 

Twe-phase structure: 
platelets im retained | 
‘ q matrix. Comparing this 
with Fig. 14 shows that 
the 8 a+ 8 boundary ex 
tends to higher moelyb- 
denum content for Proc- 
titanium-base 
alloys than for todide 
titanium -base alleys 
Etchant: | pet HF, % pet 
HNO, in water. X250 
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reported that columbium and £ titanium form a 
continuous series of solid solutions. This conclusion 
is based on results of powder metallurgical studies. 

Results: The phase boundaries of the a and £ solid 
solutions were determined by micrographic analysis 
of iodide titanium-base alloys covering the range 
0 to 50 pct Cb in approximately 1 pct steps. Alloys 
with 40, 50, 60, 70, 80, and 90 pct Cb were used for 
X-ray diffraction measurement of the 8 phase lattice 
parameters, and microscopic examination of samples 
in a limited number of heat-treated states. Nominal 
compositions have been used for plotting the results 
of microscopic observations, because no reliable ana- 
lytical methods were available for the determination 
of columbium in titanium alloys. As all iodide-ti- 
tanium alloy ingots were weighed carefully im- 
mediately after melting, and the weight losses were 
negligible, the nominal compositions were believed 
acceptable. 

Fig. 16 shows the phase diagram of the whole 
system, and Fig. 17 is an enlarged view of the a + 8 
field. Annealing temperatures lower than 600°C 
were not used, since it appears that equilibrium 
would be almost impossible to achieve, even after 
long-time annealing at these temperature levels. The 
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Fig. 17—Extent of the « +9 field in the iodide titanium-columbium 
system 


alloys were annealed at eight temperature levels be- 
tween 600° and 850°C. Table IV gives the pre- 
treatment and annealing data. 

As the micrographs shown in the section on the 
Ti-Mo system are considered representative of 
both diagrams, duplicate structures are not presented 
in this section. 

The solubility of columbium in ea titanium was 
found to increase with lowered temperatures to 
about 4 pet Cb at 600°C. The 8/a + £8 boundary 
could be determined with certainty above 750°C. 


Table 1V. Schedule of Treatments for lodide Titonium-Columbium 


Alleys, 


ture, °C Pretreatment’ Pet Cb 


850 -60; XR60-85 1-9 
828 P55-60; XR60-85 5 0.5,6-9 
802 5-60; XR60-85 1-3.5 
775 5-60; XR55-80 
746 5-60; XR60-85 
45; XR5-75 
700 5-60; > 85 
40 
55-60 
-50; > 
600 55-60; > 0.5-7 
-45; XR75; H 47-50.60 


*P— Cold compressed, pct. XR 


Cold rolled after compression, 
pet. H—Homogenized, 1250° or 1400°C. W 


Cold rolled, pct 
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Fig. 18—A 48 pct nominal Cb alloy homogenized, 
cold pressed, and quenched after annealing at 600°C. 


Very fine distribution of a precipitate in retained £ 
Etchant: | pet HF, 3 pet HNO» in water. X250. 


The phase boundary at 700°C, however, could not 
be located accurately, because of the presence of 
some residual coring due to lack of complete homo- 
geneity. For example, alloys containing 29 to 34 pct 
Cb, even after homogenization for 40 hr at 1250°C, 
cold working, subsequent annealing at 700°C, and 
quenching, showed very small amounts of a phase 
(estimated to be within 1 to 3 pct) in a matrix of 
transformed 8. The transformation of 8 to acicular 
« occurred in all alloys containing less than 36 pct 
Cb. With higher columbium contents, the 8 phase 
was retained on quenching. 

The alloys quenched from 650° and 600°C were 
also subjected to homogenization for 40 hr at 1250°C 
prior to the final long-time anneal. Even so, all al- 
loys selected for bracketing the phase boundary at 
650°C (36 to 44 pct Cb) and 600°C (47 to 60 pet Cb) 
contained small amounts of the a phase, varying 
somewhat irregularly in, amount with composition 
see Fig. 18. For this reason, the 8/a + 8 boundary 
of Fig. 17 is dotted for temperatures at and below 
700°C. This extrapolation of the solid curve is be- 
lieved to represent conditions close to equilibrium. 

In order to determine the constitution of the Cb- 
rich alloys, specimens with 50, 60, 70, 80, and 90 pct 
Cb were homogenization-annealed for 4 hr at 1400°C 
and 40 hr at 1250°C. Fig. 10 is representative of the 
structures of these alloys, indicating that the £ field 
extends over the entire composition range at high 
temperatures. 

As a further check, the lattice parameters of the 8 
phase between 40 and 90 pct Cb (25.8 and 83.1 
atomic pct) were determined. The data are plotted 
in Fig. 19. Additions of iodide titanium decrease the 
lattice parameter of columbium. This change follows 
a small negative deviation from Vegard’s law. 

As was the case with Ti-Mo alloys, the diffraction 
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Fig. 19—Lattice parameter-composition curve for Ti-Cb alloys 
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Fig. 20—A 90 pct nominal Cb alloy homogenized 
then heated to a temperature above the solidus 
curve, 2245 °C, and quenched 
The “bubbles” in the structure are typical signs of 
incipient melting. Etchant: | pet HF, 3 pet HNO» in 
water, 
patterns of alloys with 70, 80, and 90 pet Cb con- 
tained lines foreign to the body-centered cubic solid 
solution in low angle regions of the film, which were 
not successfully identified. Solid specimens, heat 
treated in the same manner as the X-ray powders, 
did not reveal microscopic evidence of a transforma- 
tion in this composition range. This single treatment 
however, does not completely rule out the possibility 
of a low temperature transformation in this system 
The solidus curve shown in Fig. 16 was deter- 
mined with homogenized alloys. The microscopic 
evidence of incipient melting for all of these alloys 
is exemplified by Fig. 20, showing a 90 pct Cb alloy 
quenched from above the solidus temperature. The 
overall accuracy of this curve is limited by the tem- 
perature increments employed in the incipient fusion 
method. For this diagram, the accuracy may be 
taken as ae G 
The solidus temperature increases continuously 
with increasing columbium content. The melting 
point of iodide ti-anium was found to be 1720°C. as 
compared with 1727°C given by deBoer.” The melt- 
ing point of columbium is reported as 2415 ~ 15°C:" 
it was determined experimentally to be 2410°C 
The dotted liquidus curve in Fig. 16 was not deter- 
mined experimentally but was included to complets 
the appearance of the diagram 
The features of the Process A titanium-colum- 
bium phase diagram are similar to those of the 
iodide titanium-columbium phase diagram. The dif- 
ference appears to be that the a + 8 field in the 
Process A titanium alloys is somewhat wider than 
that in the iodide titanium alloys. This same rela- 
tionship was found for the Ti-Mo alloys described 
in the previous section 
Summary 
Titanium-Molybdenum: Ti-Mo phase diagrams 
were determined with both DuPont Process A and 
iodide titanium-base alloys. Both diagrams have the 
following features: 8 titanium and molybdenum 
form a continuous series of solid solutions. A con- 
stantly rising solidus curve connects the melting 
points of titanium and molybdenum. The a to 8 
transformation temperature of titanium (885°C) is 
lowered by the addition of molybdenum, with a 
broadening of the a + £ field with decreasing tem- 
perature 
The solubility of molybdenum in ea titanium is less 
than 0.8 pet Mo at temperatures between 885° and 
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600°C for both Process A and iodide titanium-base 
alloys. The 8/a + 8 boundary is essentially a straight 
line in both phase diagrams. For iodide-base alloys, 
it extends from the transformation temperature of 
titanium to about 24 pct Mo at 650°C. Impurities in 
Process A titanium shift the B/a B boundary at 
650°C to about 26 pet Mo. X-ray diffraction results 
show that molybdenum additions decrease the lattice 
parameter of 8 titanium in accordance with a nega- 
tive deviation from Vegard's law 

Titanium-Columbium: The Ti-Cb phase diagram 
determined with iodide titanium-base alloys has the 
following features: 8 titanium and columbium form 
a continuous series of solid solutions, and the solidus 
curve constantly rises from the melting point of ti- 
tanium to that of columbium. Columbium lowers the 
« to 8 transformation temperature of titanium, with 
the resulting a + £ field broadening with decreasing 
temperature. The solubility of columbium in a ti- 
tanium increases with fall in temperature to about 
3 pet Cb at 600°C. The B/a 8 boundary for 
850°, 800°, and 750°C lies at 3.5, 10.5, and 20 pct 
Cb, respectively. Because some residual coring re- 
mained in the heat treated alloys with more than 
25 pet Cb, even after homogenization annealing 
treatments, this curve could not be determined with 
high accuracy for temperatures of 700°C and lower 
However, there is certain evidence to indicate that 
it lies close to 30 pet Cb at 700 C, and between 50 
and 55 pet Cb at 600°C. X-ray diffraction results 
show that columbium additions increase the lattice 
parameter of 8 titanium in accordance with a small 
negative deviation from Vegard’s law 
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On the Mechanism and Kinetics of the Scaling of lron 


The transport mechanisms previously proposed in wustite and hema- 


tite have been confirmed by movement of inert markers during the growth 
of these phases. By similar measurements the mechanism for magnetite 
has been determined. The rates of growth of multilayer scales on iron, 
magnetite and hematite on wustite, and hematite on magnetite have 
been measured. All rates are found to be diffusion controlled under the 


ANY studies have been made of the rate of 

oxidation of iron in both the low temperature, 
film-forming region and the high temperature scal- 
ing range. The interpretation of the results has 
been greatly complicated by the formation of multi- 
layered scales containing the various phases of iron 
oxides. In most cases no attempt has been made to 
determine the composition of the scale and its de- 
pendence on time of oxidation in a quantitative 
manner. However, several recent studies have 
taken this variable into account. 

It is generally agreed that the growth of thick 
scales on iron follows a parabolic rate law for the 
increase of total thickness. In the thin film region 
agreement has been claimed with parabolic equa- 
tions of various forms and with logarithmic equa- 
tions. The discussion here will be concerned only 
with the formation of scales of considerable thick- 
ness, greater than several microns, although some 
of the conclusions may be applicable to thin films 

A brief survey will be given of the solid phases of 
the iron-oxygen system, the stability of wiistite in 
bulk and in thin films, the relative densities of iron 
in the metal and oxides, and the kinetics of forma- 
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conditions of the experiments. 


tion of oxide scales on iron. New experimental re- 
sults will be introduced at several points during the 
discussion, and an attempt will be mace to formu- 
late a mechanistic picture consistent with these ob- 
servations. The experimental techniques are de- 
scribed in an appendix. 


lron-Oxygen System 

Fig. la shows the iron-oxygen phase diagram. 

Wiistite (“FeO”): The lowest of the oxides has a 
NaCl type cubic lattice formed by close-packing of 
the relatively large oxide ions with the smaller iron 
ions arranged in the interstices. The ionic radius 
for 0 is about 1.3A, while Fe” has a radius of about 
0.8A and Fe’ about 0.7A. Its range of existence on 
the phase diagram is very wide for an ionic material 
of this type and does not seem to include the stoi- 
chiometric composition FeO. These deviations ap- 
pear to be well established as vacancies on iron lat- 
tice sites by the comparison of lattice parameters 
and densities for a series of compositions by Jette 
and Foote." The limits of the field are disputed, but 
the work which seems most reliable’ indicates va- 
cancies in from 5 pct to more than 12 pct of the 
iron sites. In order for the crystal to be electrically 
neutral, there must be electron holes which cor- 
respond to the formation of trivalent iron ions equal 
to twice the number of vacancies. 

Magnetite (“Fe.O,’): Considerable disagreement 
also exists in the literature about the stable range 
of the Fe,O, field. Some diagrams show the Fe,O, 
composition to be lower in oxygen than the formula 
indicates, but Schenck’ gives a diagram from the 
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Fig. |—o—Iron-oxygen phase diagram, schematic. 
b—lIron oxidized at 900°C for 100 min. X150. 
Iron “FeO” + proeutectoid Fe,O, Fe.0 
c—lron oxidized at 975°C for 100 min. X150 
“FeO” + proeutectoid FeO, FeO, FeO, 
d—tron oxidized at 850°C for 900 min. X150. 
“FeO” + proeutectoid FeO, FeO. 
e—lron oxidized at 1000°C for 900 min. X150 
“FeO” + proeutectoid FeO, Fe,O, 
ft f—Proeutectoid magnetite in matrix of wustite. X500 


which indicates an 


In addition to «Fe.O,, a cubic form, yFe.O,, may 


work of Benedicks and Lofquist 


oxygen exces Darken and Gurry’ report simila: be prepared by dehydration of yFeOOH below 500°C 
results. More recent studies by Verwey and Haay- or by oxidation of Fe,O, up to 400°C. When yFeQOH 
man’ based upon X-ray parameter studies and the is dehydrated above 500°C, aFe.O, forms. If the 
measurement of electronic conductivities support dehydration product formed below 500°C is held 
the latter. They believe that Fe,O, can increase its above 350°C, it will eventually transform to aFe.O 
oxygen content by forming regions closely resem- Above 400°C FeO, oxidizes to aFe.O,. Although 
bling yFe.O, which has a structure similar to Fe,O transformation temperatures are given in the range 
toth of these oxides are cubic with their structures of 150° to 400°C, no evidence could be found in the 
largely determined by the close-packing of oxide literature for the transformation of aFe.O, to yFe.O, 
ons, so the correspondence is not surprising at any temperature. In fact, Fricke and his co- 
Hematite (“Fe.O,"): The hematite (aFe.O,) field workers” have measured heats of solution of both 
probably is slightly oxide ion deficient, since the di- forms in acid at 20° to 32°C and found that yFe.O, 
valent and trivalent states of oxidation are the only has a heat content in excess of that of aFe,O, of more 
ones readily available to iron. This is confirmed by than 6 keal per mol for crystals of the same particle 
the conductivity studies of Bevan, Shelton, and size. It appears that yFe.O, is a metastable growth 
Anderson, who conclude that the deficiency leads form which is the product of dehydration of yFeOOH 
to oxide site vacancies or interstitial iron ions. Ionic and of the oxidation of Fe,O, because of its re- 
transport in this phase is probably by oxide ions as semblance in structure to the reactants. 
compared with wistite where iron is almost cer- aFe.O,, the only form to be considered here, is a 
tuinly the mobile constituent. Pryor and Evans rhombohedral crystal” (the a corundum structure) 
make use of this in explaining the dissolution be- with the oxide ions in nearly close-packed hexagonal 
havior of hematite in acids. Preliminary diffusion arrangement. The iron ions reside in the interstices 
measurements for iron in hematite by Himmel” in- 


Eutectoid Decomposition of Wustite 


dicate a negligible diffusion rate for iron ions, favor- 
ing transport by oxide vacancies rather than inter- Chaudron and Forestier" studied this reaction on 
stitial iron ions bulk “FeO” and found that the process behaved as 
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a normal nucleation and growth process with a 
maximum rate at about 470°C, as shown in Fig. 2. 
They also found the iron metal precipitated at the 
oxide grain boundaries 

Although the normal transformation temperature 
is about 570°C, Gulbransen and Hickman” have 
shown that in thin films upon Fe, “FeO” exists at 
temperatures as low as 400°C. This lower limit of 
existence is strongly dependent upon film thickness 
and shifts toward 570°C as the film becomes thicker 
When the transformation occurs on cooling, little 
iron is found in the oxide, so it is possible that, when 
the film is thin and an iron substrate is present, the 
iron may diffuse back to the interface and plate out 
on the substrate. 

More recently Gulbransen and Ruka” have carried 
out an electron diffraction investigation of this re- 
action, the reverse reaction, and also reactions in- 
volving aFe.O, in films on metal surfaces. They 
confirmed the above results and eliminated former 
discrepancies between phases reported in scales by 
electron diffraction methods as compared with X-ray 
and micrographic techniques. 


Relations Between Phases 
Bozorth,” Pfeil,” Heindlhofer and Larsen,” and 
Fischbeck and Salzer” have demonstrated that in 
strongly oxidizing atmospheres and at temperatures 
somewhat above 570°C the oxides of iron form in 
successive layers on the metal in accordance with 
the principle of LeChatelier, the lowest valence ox- 
ide next to the metal, the highest in contact with 
the atmosphere. At room temperature the densities 
of iron ions in the metal and oxides in the above 
7.95 
ce Fe 


g Fe 
cc FeO 


“ee Fe,O, 


order are: 
g Fe 


-—~ It is evident that the system fulfills 
ce 


67 


the density ratio conditions of Pilling and Bedworth 
for the formation of continuous layers 

At tne interfaces between successive layers defi- 
nite orientation relationships have been observed 
McCandless and Mehl” have studied wistite formed 
on Fe and found that there is a (001) plane of iron 
atoms common to both phases, with the 010 direc- 
tion of wistite parallel to the 110 direction of Fe. 
The same investigators concluded that wiistite and 
magnetite had a common (001) plane of oxide ions 
Similarly, between magnetite and hematite Gruner 
showed the matching in an oxide ion plane of the 
basal (0001) plane of aFe.O, with the (111) plane 
of Fe,O,. The disorder of iron ion in crossing this 
last interface is quite large, but in the FeO-Fe,O, 
case the iron positions on either side of the common 
plane are partially in fair agreement 

No specific study of the relationship between Fe,O, 
and yFe.O, seems to have been made, but the two 
give practically indistinguishable electron diffrac- 
tion patterns, so that a match on the cubic oxide ion 
planes seems likely. More important is the relation- 
ship between yFe and wistite which has not been 
determined. That coherency exists is indicated from 
the fact that protective scales form. Only a common 
iron plane is possible. The results of Fischbeck and 
Salzer” may indicate the fit is sufficiently poor to 
constitute an appreciable resistance, but nothing in 
the new work reported here confirms this. 

Goldschmidt” has examined the relative volumes 
and structures of the metal and the cubic oxides and 
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Fig. 2—Decomposition of wustite ‘after Chaudron and Forestier) 
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obtained numerical comparisons which illustrate the 
smallness of the adjustments which must be made 
to fit the lattices together at an interface 


Transport Mechanisms 
The transport mechanisms in oxides may be 
studied in at least three different ways. 

1—The electrical conductivity” may be studied at 
several temperatures as a function of the partial 
pressure of oxygen in equilibrium with the specimen. 

2—-Self-diffusion coefficients” of both ions may be 
determined in the oxide 

3—“Kirkendall effects,” the movement of inert 
markers in the diffusing systems, may be measured 
as first attempted by Pfeil” in 1929. Pfeil used 
slurries of NiO or Cr.O, painted on the metal sur- 
faces as inert markers. After oxidizing the surface, 
he sought the position of the markers in the oxide 
The results were not conclusive. The markers were 
found in the wiistite layer, but the layer was me- 
chanically separated into two parts at the point 
where the impurities were concentrated. The loca- 
tion of the markers appears to have been deter- 
mined partly by the mechanical separation of scale 
from metal during oxidation. 

New measurements of this last type have been 
made using radioactive silver as inert markers. This 
has many advantages for this particular application 
since it neither dissolves in the metal and its oxides, 
nor oxidizes at these temperatures. Furthermore, 
very small amounts can be detected on a polished 
cross-section by autoradiographic methods, so that 
very thin deposits of silver may be used. These 
were applied by wetting a silk thread in active sil- 
ver nitrate solution and touching each side of the 
iron or iron oxide plates twice or more, leaving 
parallel wet marks. These were dried and the silver 
nitrate decomposed to silver in the preliminary 
heating of the sample before oxidation began. 

Three series of these studies were carried out: 
l—iron metal was marked, then scaled in oxygen 
to give a multilayer scale; 2—-wistite was marked, 
then reacted completely to magnetite in water vapor; 
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Fig. 3a—Isothermal curves for the rate of increase of weight 
of irom oxidized in oxygen 


}—magnetite was marked, then partially reacted to 
hematite in oxygen. In case 1 the markers were 
found precisely at the metal-oxide interface. In case 
2 the markers were found almost at the outside 
urface. In case 3 the markers could not be found. 
It was concluded that the silver remained on the 
outer surface, from which it vaporized during the 
long oxidation treatment required to form an ap- 
preciably thick layer of the slowly growing hematite. 
From these measurements the following conclu- 
sions may be drawn about the transport mechanisms 
leading to the growth of the oxides of iron 
1—-Wiustite grows almost entirely by diffusion of 
iron ions. Oxide ions are added at the outer face of 
the phase and remain essentially fixed. 
2—Magnetite grows largely by oxide ion diffusion 
(which may indicate a need for review of the devia- 
tions of the phase field from the stoichiometric Fe,O, 
composition), but there seems to be an appreciable 
contribution from iron ion diffusion—about 20 pct 
3—-Hematite grows by oxide ion diffusion with 
practically no iron ion participation. Iron ions are 
added at the inner face and stay fixed 
These findings are in accord with the information 
available on wistite and hematite, the former cation 
conducting, the latter anion conducting. The new 
result on magnetite is rather surprising, but not in 
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Fig. 3b—Isothermal curves for the rate of increase of weight 
of iron oxidized in oxygen. 


authors. This is being checked by method 2 in this 
laboratory. 
Kinetics of Oxidation 

In the many studies of the oxidation of iron to 
form multilayered scales, fairly good agreement for 
the rate constants over most of the temperature 
range investigated has been obtained. However, at 
the higher temperatures discontinuities have been 
reported in the plot of the variation of the logarithm 
of k, the parabolic rate constant, against the re- 
ciprocal of the absolute temperature. This discon- 
tinui‘y has been attributed both to the effect of the 
magnetic transformation in iron at 760°C and also 
to the a to y phase transformation at 910°C.°” In 
the endeavor to resolve this controversy and also to 
check the work of Benard and Coquelle'’ on the 
kinetics of growth of the individual phases in the 
scale, it was decided to investigate the oxidation of 
iron over the temperature range 400° to 1200°C 
under very precisely controlled conditions. 

A full account of the experimental methods and 
techniques is given in the appendix, but it is well 
to point out the essential differences here. With the 
exception of Gulbransen and others in work on the 
kinetics of formation of thin films, 1—oxidation 
studies have generally employed air, subject to vari- 
ation in composition and humidity as the oxidizing 


conflict with any previous work known to the medium; 2—oxidation has been allowed to proceed 
Table |. Approximate Values for the Relative Percentages of “FeO”, Fe,O,., and Fe.O, in Scales Formed on Iron Oxidized in Oxygen 
Tempera- Time reo.” FeO FeO. Time, “Feo.” FeO, FeO Time, “eG,” FeO,, 
ture, € Min Pet Pet Pet Min Pet Pet Pet Min Pet Pet Pet 
HOt 1 50 50 225 50 50 900 55 45 
a2 110 70 0 225 75 25 
om 22 ge 2 900 97 3 
on 104 96 2 2 225 92 4 4 900 98 2 <1 
22 1 900 96 3 1 
200) om 90 1 225 90 1 900 
7 100 a6 1 225 an : 1 900 92 7 1 
104M 25 as 1 1 225 a8 2 1 900 95 y 1 
0 49 4 “4 95 4 1 
10% 25 94 49 4 5 1 
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during the initial heating period before the specimen 
reaches the temperature of the furnace. In the pres- 
ent series of experiments pure dry oxygen was used 
and in addition the time and surface for the begin- 
ning of oxidation were precisely defined. This was 
accomplished by first heating the specimen in hydro- 
gen at 700°C or above to reduce any air-formed film, 
and then allowing the specimen to attain equilibrium 
in a highly purified argon atmosphere in the fur- 
nace before introducing oxygen. Under these con- 
ditions the rate of growth of the total scale was 
obtained by measuring the increase of weight of the 
specimen during certain fixed times of oxidation, 
and the results are shown in Fig. 3. From these re- 
sults, values for the parabolic rate constant, k, were 
obtained for the particular temperatures and the 
standard plot of log k vs. the reciprocal of the ab- 
solute temperature is given in Fig. 4. k is defined 
by the Pilling and Bedworth equation (W/A) = kt", 
where W is weight gain, A is area, and t is time. 

Specimens were mounted and sectioned, and the 
thicknesses of the individual phases were obtained 
microscopically. The results indicated that in no 
case, above a temperature of about 625°C, did the 
scale contain greater than 10 pct by volume of the 
higher oxides Fe,O, and Fe.O,. Values for the rela- 
tive thicknesses of the oxides for various times at 
different temperatures are given in Table I. How- 
ever, the measurement of the thickness of the two 
higher oxides could not be made with great precision 
and more sensitive techniques were devised for the 
measurement of their growth rates. Values for the 
increase in thickness of “FeO” are plotted in Fig. 5, 
and the parabolic rate constant for the growth of 
this phase approximates that for the growth of the 
total scale at temperatures above 625°C. 

To measure the rate of growth of Fe,O, and Fe.O,, 
samples of “FeO” and Fe,O, were prepared and these 
were oxidized in oxygen using a spring balance to 
determine continuously the rate of increase of 
weight with time. The results obtained are shown 
in Figs. 6 and 7, ard the rate constants obtained 
from these results for the oxidation of “FeO” to 
Fe,O, and Fe,O, to Fe.O, are plotted on Fig. 4. 

The main differences between the results ob- 
tained in this investigation and previous studies may 
be summarized as follows: 

1—The parabolic rate constant k in the tempera- 
ture range 400° to 600°C is lower than that obtained 
by Stanley and coworkers.’ It is believed” that the 
discrepancy existing between the true surface area 
and that calculated from the geometrical dimen- 
sions of the specimen led to the higher values for k 
calculated by these workers, particularly for the 
relatively short oxidation times that they employed. 
In the present investigation the actual surface areas 
more nearly approach the calculated surface area 
due to (a) the more highly polished nature of the 
specimen, and (b) the pre-oxidation anneal in hy- 
drogen at 700°C. The longer oxidation times em- 
ployed also yield values of k which more nearly 
approximate the true value. 

2—The inflection in the plot of In k vs. 1/T at 
about 600°C is associated with the appearance of 
“FeO” as a stable component of the scale. 

3—In the temperature range 600° to 1200°C the 
variation of In k with 1/T is expressed by a smooth 
curve, the slope of which changes rapidly at about 
800°C, coinciding with the appearance of a finite 
thickness of Fe.O, in the scale. That is, In k is not 
a simple linear function of the reciprocal of the 
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Fig. 4—Plots of the logarithm of the parabolic rate con- 

stants for the oxidation of iron, wustite, and magnetite 

in 1 atm of oxygen vs. the reciprocal of absolute tem 
perature. 


absolute temperature, and the so-called inflection 
previously obtained is not attributable to the phase’ 
or magnetic transformation in pure iron. This point 
will be elaborated later. 

4—Microscopic measurements indicate: (a) that 
at no temperature above about 625°C do the higher 
oxides, Fe,O, and Fe.O,, form a considerable portion 
of the scale, (b) the growth of these higher oxides 
is not linear with time. These results are in direct 
contradiction to the work of Benard and Coquelle.’ 
It is believed that, since the technique employed in 
the experiments of Benard and Coquelle involves 
heating the specimen from room temperature to the 
oxidizing temperature in the oxidizing atmosphere, 
a thick film is formed during this initial heating 
period. At the transformation temperature where 
the metal suffers a contraction, the film may be- 
come partially divorced from the metal. If the film 
is plastic at 910°C, then no rupture will occur and 
the effect of the partial divorcement of scale and 
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metal will be to reduce the area of contact, thus re- 
ducing the supply of iron ions to the scale. This 
will manifest itself both as a reduction in the total 
overall rate of oxidation and in the increase in the 
percentage of the higher oxides in the scale. That is, 
the percentages of Fe,O, and Fe.O, will be greater 
than in a system which is in dynamic equilibrium 
when the contact between phases is perfect 

Some supporting evidence for the results of the 
present investigation have been obtained: (a) in the 
oxidation of iron in water vapor, the overall rate 
approximates the total oxidation rate in oxygen, but 
the percentage of Fe,O, in the scale remains small 
until all the iron has been converted to oxide; (b) 
tress concentration effects at corners and edges of 
pecimens can result in the local separation of scale 
and metal at some period during oxidation. When 
this occurs, its effect is to increase locally the amount 
of the higher oxides in the scale 

5—Results for the rate of oxidation of wiistite 
and magnetite, Figs. 6 and 7, give a parabolic rela- 
tionship between gain in weight and time. This 
hews that the processes are diffusion controlled 
since an interface reaction controlled process would 
manifest itself in a linear rate law. The rates of 
rowth aerived for the higher oxides under these 


Table 1. Values for the Parabolic Rate Constants Derived from 
the Isothermal Oxidation Curves for Fe, “FeO,” and FeO 
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conditions will be greater than their respective 
growth rates during the formation of scale, but it 
will be shown that they do not affect materially the 
total oxidation rate above 600°C. 


Analysis of the Kinetic Data 

Considering oxidation in the range 400° to 570°C 
in the absence of changing composition limits for the 
phases Fe,O, and Fe.O, with temperature, the plot 
of In k vs. 1/T will yield a straight line. This results 
from the fact that the growth rate will be a simple 
function of the average diffusion coefficient for the 
components of the scale 

The rate of growth of Fe,O, and Fe.O, on iron, 
i.e., below 570°C, is largely dependent upon diffu- 
sion in Fe,O, since this forms nearly i00 pct of the 
scale This rate should bear some relationship to 
the rate of growth of Fe,O, and Fe.O, on “FeO” 
where magnetite is again the major component 

The reactions involved, neglecting the formation 
of FeO.,, are 


3Fe + 20. > FeO, [1] 
3FeO + 40. + FeO [2] 


On the basis of formation of the same thickness of 


2« 
3 
3 
: 
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Fig. 7—Curves for the increase of weight with time of magnetite 
oxidized in oxygen. Approximate values for rate constants are 
derived from the straight portions of the plot of W/A vs. time’ 


Fe,O,, it can be se en that the weight gain in process 
1 is four times the weight gain in process 2. Ex- 
amination of Fig. 4 shows that the extrapolated 
values for process | are four to five times greater 
than those measured for process 2 at the same tem- 
perature. The activation energies are nearly the 
same. 

Above 570°C the picture becomes more complex 
owing to the wide variation of the composition limits 
of the “FeO” phase field with temperature. The 
oxidation process is dependent on diffusion and, in 
turn, the diffusion rate varies with the concentra- 
tion gradient in the growing phase. In a phase field 
with fixed composition limits whose difference is AC, 
the only factor affecting diffusion is the actual 
thickness of the phase, 1X, with respect to those 
fixed composition limits, and the effect of a changing 

— due to a change in 4X is implied in the normal 
parabolic law. When AC changes also (as in “FeO”), 
there is another contribution to the rate of diffusion 
and hence to the rate of growth of the phase. Thus 
In k will not be a simple function of the reciprocal 
of the absolute temperature, and the curvature of 
this relationship is attributed to a changing AC with 
temperature in “FeO.” That is, for the same thick- 
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ness of “FeO” formed at different temperatures, 
there will be an effect on the growth rate due to the 
fact that the composition limits of the phase will be 
different, in addition to the normal increase of D, 
the average diffusion coefficient, with increase in 
temperature. Booth” has shown that the variation 
of the diffusion coefficient with concentration does 
not vitiate the application of the parabolic rate law 
at any one temperature. 

In the absence of interface reaction rate control 
in the oxidation process, there appears to be no 
basis for the assumption that phase transformations 
in the metal can affect the rate of growth. Experi- 
ments on the oxidation of manganese” show no effect 
on the parabolic rate constant due to the a to y» 
transformation in that metal. However, this does 
not imply that such effects will not be present under 
conditions of nonparabolic oxidation. 


Summary 

The rates of oxidation of iron in pure oxygen have 
been determined with good precision over a wide 
range of temperatures. In general, the overall rates 
agree with those previously reported, but several 
systematic differences are noted. Tentative explana- 
tions are offered for these differences. 

In addition to multilayer scaling rates, the rates of 
growth of hematite on magnetite and hematite and 
magnetite on wustite have been determined. In con- 
tradiction with the results of Benard and Coquelle, 
obtained by micrographic measurements, these rates 
have been observed to follow a parabolic law rather 
than a linear law. On the basis of these measure- 
ments, it was concluded that the growth of each 
layer is a diffusion controlled process and that the 
interface reaction rates may be neglected. The proc- 
ess thus fulfills adequately the assumptions neces- 
sary to apply the Valensi™ treatment of multilayer 
scaling. 

Observing the Kirkendall effects in the growth of 
each of the oxide phases, with a modification of the 
Pfeil technique using radioactive silver as inert 
marker, established the diffusing component for 
each phase. The process is illustrated schematically 
in Fig. 8, where the percentages in magnetite are 
rough values applying at one temperature only. 

Below 570°C the overall rate is determined by 
the growth rate of Fe,O,. Above about 620°C, the 
overall rate seems to be determined principally by 
the rate of FeO growth. Between 570° and 620°C, 
as the temperature increases the rate controlling 
layer changes from Fe,O, to FeO, leading to a 
marked curvature in the log k 1/T plot. 
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Wustite Oxygen 
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Fig. 8—Schematic diagram of the oxidation process in iron 
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Fig. 9—Design of one furnace unit 
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I—C onnection te gas source 


The parabolic rate constant is a complex function 
of temperature in the growth of layers such as 
“FeO” where the range of existence of the phase, as 
well as the diffusion coefficients, for a given com- 
position depends strongly upon temperature. 

The rates of growth of iron oxide layers are rather 
insensitive to changes in the substrate. There seems 
to be no great change in the rate of growth of FeO 
when the substrate changes from a to y Fe, and no 
great change in the rate of growth of Fe,O, when 
the substrate changes from aFe to FeO 


Appendix 
Experimental Methods and Techniques 


Apparatus: In these experiments three vertical fur- 
naces were equipped with a glass manifold, constructed 
so that each furnace could be independently connected 
to a source of hydrogen, oxygen or argon, or to a 
vacuum pump. 

The design of one of the furnace units is shown, 
Fig. 9, including the glass winch which served to raise 
and lower specimens to and from a predetermined 
position in the furnace. 

Each specimen was attached to a silica rod by a 
platinum hook and the silica rod was in turn attached 
to the winch by means of nylon thread. Spokes at- 
tached to the bottom end of the silica rod prevented 
the specimen touching the thermocouple sheathing or 
the wall of the furnace tubing itself. 

For some experiments, particularly those concerned 
with the oxidation of the lower oxides of iron, it was 
desirable to follow the course of oxidation continuously. 
This was accomplished by means of a sensitive spring 
balance. The glass head, containing the winch, of one 
of the furnaces was extended considerably so that both 
ends of the spring (which were attached to the winch 
and to the silica by nylon thread) could be observed 
with a cathetometer to measure the length of the 
spring accurately. An alloy of low temperature co- 
efficient of elastic properties, “Nispan C” wire 0.005 in. 
diam was used for the spring, with a sensitivity of ap- 
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proximately 0.02 cm per mg. Measurements were re- 
producible to 0.010 em, which corresponded to a weight 
change of 0.o mg 

Adequate precautions were taken to purify the gases 
used. The argon was periodically tested by holding a 
heat-tinted specimen in one of the furnaces in an 
atmosphere of the gas at 700°C and noting any changes 
in the appearance of the specimen. The atmosphere 
was considered satisfactory if no change occurred in 
the interference color or if a slight reduction in the 
thickness of the film was indicated 

Preparation of Spec mens and E rper mental Pro- 
cedure: T iron used in these experiments was West- 
inghouse Puron. All specimens after cutting and sur- 
face grinding were annealed in hydrogen for 24 hr at 
900°C. Subsequently, the specimens were hand ground 
netallographic polishing papers to a 
They were then washed in alcohol, 
rewashed, and then 


under alcohol on 
fineness of 4/0 

iried, measured and 
loaded into the furnaces 


weighed, 


measured 


used were approximately 
accurately 


The specimen 
in. and their dimensions were 
with a micrometer screw gage so that the total surface 
A standard chemical balance 
however, in those 


irea could be computed 
ufficed for most weighings 


where the expected weight increase was relatively 


cases 


ill (i.e., for oxidation at low temperatures and for 
short time . an assay balance was used 
It was believed that the presence of an air-formed 


film on the surface of the Puron might lead to erroneous 
result 
low temperatures and for short times 
ill spec 
hydrogen at 700°C 


particularly for the oxidation of specimens at 
Consequently, 
mens were given a pre-oxidation anneal in 
If the particular oxida- 
700°C 


ibove 
xperiment was to be carried out below 
preliminary hydrogen anneal at 
raised to the cool zone, the 
furnace chamber evacuated admitted, and the 
furnace allowed to cool to the oxidation temperature 
pecimens to be oxidized above 700°C 
vere hydrogen annealed at the oxidation temperature 
In all cases, oxygen was not admitted to the furnace 
intil the pecin en had reached the equilibrium oxida- 
tion temperature in argon. This procedure avoided an) 
purious effects that might have re ulted from oxida- 


curred over a range of temperature in 


then, following the 
700 C. the pecimen was 


argon 


tion Naving 


For the studies on the oxidation of oxides, “FeO” was 
prepared by oxidizing iron in Water vapor. The time 
of oxidation was calculated so that only a small amount 
of Fe.O, would be produced and this was removed by 
grindi FeO” could also be produced by oxidation 
of iron int lrogen-water vapor or carbon monoxide- 
carbon dioxide ixtures 

The FeO vas produced by xidizing iron to con- 
tant weight in water vapor 

Mounting Tecl yu Many of the conventional 
mounting method vere tried ill those involving 
ther il settu vith or without pressure were re- 
ected due to the break up in scale which they fre- 


occasioned 
The method finally developed and adopted involved 
small 
solution of polystyrene in 
\ After the 
cement was hardened (in 24 to 36 hr) the protruding 
ends of the poly tvrene were softened and then welded 
to other pieces of polystyrene to give the mount greater 
This type of 
mounting proved adequate for the polishing of the 
ice o that thickness measurements might be taken 
Radioactive Tracer Technique The 
inert markers placed at an 
fusion takes place has been previou lv studied (Smigel- 
skas and Kirkendall Da Silva and Mehl”). The ap- 
plication of the active silver to the specimen has been 
described previously After oxidation, the specimen 
sectioned perpendicular to the flat face, 
polished edge was placed in in- 


aking a sandwich of the specimen between two 
heets of polystyrene \ 


nick vas used as a cement 


ecurity in the grinding operations 


movement of 


interface across which dif- 


was mounted 
and polished. The 
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timate contact with a spectrographic or No-Screen 
X-ray plate. After a sufficient period of exposure, the 
plate was developed, and the separation of the streaks 
due to the active silver on either face of the sample 
was measured. 
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Effects of Tungsten or Molybdenum 


Upon the Alpha-Beta Transformation and Gamma Precipitation 
In Cobalt-Chromium Alloys 


by 


Fletcher and A. R. Elsea 


This paper describes a metallographic investigation of the in- 
fluence of tungsten or molybdenum additions upon the transforma- 
tion and precipitation reactions occurring in Co-rich Co-Cr alloys. 
It is shown that tungsten has little effect upon the «-8 transfor- 
mation temperature range, while molybdenum tends to raise it. Both 
elements tend to promote the formation of y phase, molybdenum 

being more potent in this respect than tungsten. 


IGH temperature alloys, thai is, alloys which 

have load-carrying ability at elevated tempera- 
tures, have been developed at an increasing rate 
during the past few years. This has resulted from 
the requirements in the design of modern aircraft 
engines. Although many alloys of this type are 
available, they have been developed on an empirical 
basis. Metallurgists do not have a clear understand- 
ing of the phases or structures that are responsible 
for these high temperature properties. 

In order to determine why these alloys possess 
this particular ability, a project was started at 
Battelle Memorial Institute with the object of learn- 
ing more about the fundamental factors which pro- 
mote high temperature strength in alloys. This study 
was to include a correlation of microstructure and 
the high temperature properties of Vitallium, an 
alloy which is widely used for high temperature 
service. Vitallium is a complex material both from 
the standpoint of composition and microstructure. 
Consequently, it was necessary to obtain informa- 

E. E. FLETCHER, Junior Member AIME, is Research Engineer, and 
A. R. ELSEA, Member AIME, is Assistant Supervisor, Battelle 
Memorial Institute, Columbus, Ohio. 

Discussion on this paper, TP 3152E, may be sent, 2 copies, to 
AIME by Dec. 1, 1951. Manuscript, April 17, 1951. Detroit Meet- 
ing, October 1951. 
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tion regarding the phase relationships in this alloy 

The Co-Cr binary diagram was determined as the 
first phase of this investigation.’ A second paper 
described the effects of iron, nickel, or nitrogen on 
the reactions occurring in the Co-rich end of this 
system.’ The present paper covers a continuation of 
this investigation in which the effects of tungsten or 
molybdenum on the reactions occurring in Co-rich, 
Co-Cr-base alloys were determined. 


Preparation of Test Materials 
Two series of ternary Co-Cr-base alloys, rep- 
resenting Co-Cr ratios of 80:20 and 68:32 


(= x 100 
Co + Cr 


20 and 32) , were prepared containing 


up to 6 pct W and up to 12 pct Mo. 

Melting stock consisted of electrolytic Co, electro- 
lytic Cr, 99.9 pet pure W, and 99.9 pct pure Mo. 
Table I lists the chemical analyses of these materials 

The melting furnace was a vertical porcelain tube 

A. R. Elsea, A. B. Westerman, and G. K. Manning: The Cobalt 
Chromium Binary System. Trans. AIME (1948) 180, p. 579; Merais 
Tecunotocy ‘June 1948) 

A. R. Elsea and C. C. McBride: The Effects of Nitrogen, Iron, or 
Nickel Upon the Alpha-Beta Transformation and Gamma Precipita- 
tion in Cobalt-Chromium Alloys. Trans. AIME (1950) 188, p. 154 
Journat or Metrats ‘January 1950) 
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Table |. Chemical Analyses of Melting Stock 


Ele- Electrolytic Co Electro- 

ment Lets Let? lytic Cr wr Me* 

< 0.02 0.03 0.02 0.003 max 
Si 001 0.005 0.08 

Fe 0.08 0.21 0 048 0.005 max 
Ni 0.55 o24 

Ss 0 0068 0.005 

Co Bal Bal 

Cr Bal 

Ww 999 

Mo 99.9 

1.23 

N 0.026 

H 0.0166 

R& 0.02 max 


* Typical analysis from supplier 


heated by a tubular Globar element and was designed 
for controlled-atmosphere melting. A purified argon 
atmosphere was used in all of the melting operations 
High purity tank argon (99.87 or 99.92 pct argon) 
was passed through magnesium perchlorate to re- 
move the moisture and then through a container of 
titanium-metal granules heated to 750°C for re- 
moval of nitrogen and oxygen 

The 200-g charges were melted in Alundum thim- 
ble crucibles which absorbed chromium oxide and 
tended to deoxidize the melts. Close-fitting graphite 
sleeves were used to support the crucibles during 
charging, melting, and casting. The alloys picked 
up about 0.1 pect C during melting. However, during 
subsequent homogenization, the carbon was usually 
reduced to within the limits of 0.01 to 0.05 pct. 

Prior to casting, the melts were briefly stirred and 
then centrifugally cast into investment molds yield- 
ing four rectangular bars, 3/16 x 44 in. x about 4% 
in. long. 

The cast bar stock was homogenized for 75 to 80 
hr at 1260°C, in an atmosphere of purified argon, 
and subsequently water quenched. Metallographic 
examination of the homogenized stock showed that 
it was free from microsegregation. Chips were ob- 
tained from the tops and bottOms of the homogen- 
ized bars for chemical analyses, the results of which 
are shown in Table II for the tungsten alloys, and in 
Table III for the molybtenum alloys. 


Transformation Studies 

Preliminary Aging Tests: Specimens of the homog- 
enized Co-Cr-W and Co-Cr-Mo alloys were heat 
treated in purified argon for 100 hr at temperatures 
in the range of 700° to 1175°C, and water quenched 
to room temperature. Temperatures at 25°C inter- 
vals, within the above-mentioned temperature 
range, were selected for the heat treatments. The 
specimens were then examined metallographically 
to determine the phases present. Throughout this 
investigation, the phases were identified metallo- 
graphically using the etching reagents and pro- 
cedures described in an earlier paper.’ No new 
phases were encountered in these systems. The re- 
sults of this examination, plotted as a function of 
temperature and composition, gave an indication of 
the effects of the third element upon the reactions 
occurring in these alloys. 

The a-8 transformation in these alloys is very 
sluggish, presumably because the energy change in- 
volved in this transformation is small. Consequently, 
the results obtained from these tests show only 
trends and serve to block in regions for further 
study. Later in this paper a description is given of 
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an experimental technique used to eliminate the 
factor of sluggishness. 
Large amounts of a precipitate were found in the 


Cr x 100 
high molybdenum alloys where - —— 
Co + Cr 


32 


Microscopic examination suggested that the precipi- 
tate might be y phase (Co,.Cr,). This was verified 
by X-ray diffraction studies. It was also observed 
that in the high molybdenum alloys the interplanar 
spacings of a, 8, and y were expanded about 1 to 142 
pet over those of a Mo-free alloy. Hence, it is con- 
cluded that in the Co-Cr-Mo alloys, the molybdenum 
is in solution in both y and the two Co-rich terminal 
solid solutions, a and £. 

Difficulties were encountered in identifying the 
matrix structures of the 7.92 and 11.65 pct Mo alloys 


approximately 32. These two 


alloys, when aged at 1025°C and below, showed 
massive y and also clouds of fine y precipitate which 
masked the matrix and prevented metallographic 
identification. When these alloys were pre-aged at 
1100°C for 60 hr and then aged at 1025°C and below, 
the y phase coming out of solution during the second 
aging treatment tended to deposit on the massive y 
particles already present. This pre-aging treatment 
resulted in a substantial increase in size and de- 
crease in number of precipitated particles present 
when the alloys were aged at temperatures below 
1025°C. Thus, the matrix phases could be identified 
metallographically, but the relative amounts could 
not be estimated. 

On the basis of these preliminary tests, the ap- 
proximate a-8 transformation range for the alloy 
containing 7.92 pct Mo appears to be from 960° to 
990°C.; the range for the 11.65 pct alloy is approxi- 
mately 980° to 1010°C. 

Accurate Determination of the Transformation: 
All of the preliminary or blocking-in aging treat- 
ments on the W and Mo-bearing ternary alloys were 
carried out on stock which had previously been 
quenched from the homogenizing temperature. This 


Table 11. Chemical Analyses of Co-Cr-W Ternary Alloys 


Composition, Pet Actual 
Desig- Cr x 100 
nation Alley Co* Cr w c Ne Fet Nit “GoaGr 
DA Top 79.0 195 1.00 0.02 0.004 0.09 0.38 19.8 
Bottom 79.2 192 1.10 19.5 
DAA op 79.0 193 1.19 0.03 0.003 024 0.27 19.6 
Bottom 78.8 19.5 1.19 19.8 
DB Top 773 19.0 3.03 0.01 0.004 0.19 048 19.7 
Bottom 77.4 189 3.00 19.6 
DBC Top 77.1 19.7 269 002 0.004 20.4 
Bottom 77.2 19.6 2.76 0.12 033 202 
pc Top 75.0 185 593 002 0.005 0.08 047 19.8 
Bottom 75.0 185 5.95 19.8 
DCA Top 752 183 596 6.02 0.003 026 0.29 19.6 
Bottom 75.1 184 5.94 19.7 
DD Top 67.1 31.3 1.04 06.02 6.011 0.11 0.45 31.8 
Bottom 67.3 31.0 1.08 $1.5 
DDA Top 67.1 31.6 096 001 0005 0.15 021 32.0 
Bottom 66.9 31.7 1.04 32.2 
DDB Top 666 31.9 105 0.02 0.005 024 0.23 32.4 
Bottom 669 31.6 1.01 32.1 
DE Top 65.6 308 3.04 0.01 0.004 0.11 0.39 31.9 
Bottom 65.7 30.7 3.07 31.8 
DEC Top 65.5 31.1 295 003 0.013 021 0.20 32.2 
Bottom 65.7 31.0 2.89 32.1 
DF Top 64.0 30.0 546 0.04 6012 0.12 0.39 31.9 
Bottom 645 294 5.58 31.3 


* By difference 
+ Spectrographic estimates, + 25 pct approximately. 
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Cr x 100 
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Table II. Chemical Analyses of Co-Cr-Mo Ternary Alloys 


Actual 
Crx 100 


Co+Cr 


Composition, Pet 


Desig- Cr Mo c Ne 
nation Alley 


Top 19.6 0.95 0.005 
Bottom K 
Top 0.002 
Bottom 
Top x 0.007 
Bottom 
op 0.008 
Bottom 
Top 0.006 
Bottom 
op 0.003 
Bottom 
To 
Bottom 
Top 
Bottom 


0.003 


0.007 


0.003 


0.017 
Bottom 

Top 0.008 
Bottom 6 : 

Top 0.017 
Bottom 

op 0.021 

Bottom 6: 

Top 5 7 0.004 
Bottom 

Top 0.008 
Bottom 


* By difference 
+t Spectrographic estimates, + 25 pct approximately 


treatment produced prior structures of a plus a 
martensitic-type 8. Because the a-§ reaction is 
sluggish, equilibrium conditions are not attained in 
these alloys in 100 hr of aging. The results of reac- 
tion-rate tests made during the early work on Co-Cr 
binary alloys’ indicated that 30 days or more would 
be required to reach equilibrium in the 80 pct Co- 
20 pet Cr alloy at 808°C. It is certainly not feasible 
to treat specimens isothermally for this length of 
time in determining phase diagrams. 

If an aging time less than that required to attain 
equilibrium is used, the transformation temperature 
will appear to be lower or higher than the equi- 
librium values depending on whether the prior 
structures of the specimens were a or £, respectively. 
However, this factor of undercooling or overheating 
can be eliminated, while still using relatively short 
aging times, if the following procedure is used: 

Specimens with all-8 and all-a structures are aged 
simultaneously at various temperatures in and near 
the transformation temperature range, as determined 
by the preliminary blocking-in tests. Metallographic 
examination shows the phases forming in each 
specimen at particular aging temperatures; conse- 
quently, those phases which are in equilibrium at a 
given temperature are determined. Thus, by elimi- 
nating the factor of sluggishness, both the upper and 
lower limits of the a-§8 transformation range for 
each alloy are defined quite accurately. 

The simultaneous aging of all-a and all-f speci- 
mens in order to determine the limits of the trans- 
formation will hereafter be referred to as the “up- 
and-down” treatment. This is carried out as follows: 

Small specimens are cut from the bar stock that 
has been previously transformed to 8. All-a speci- 
mens are obtained by pretreating homogenized stock 
for a minimum of 3 hr at 1200°C in an argon atmos- 
phere; these specimens are transferred directly from 
the pretreating furnace to the aging furnace. As the 
transfer is made, the cold 8 specimen is placed in the 
hot Alundum boat containing the a specimen. A 
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stainless steel block, heated to~1200°C, is used 
during the transfer to conserve heat in the Alundum 
boat and the a specimen, so that the temperature 
of the a specimen does not drop below the aging 
temperature. The pair of specimens is aged isother- 
mally in an argon atmosphere for 100 hr at the tem- 
perature being investigated, and then water 
quenched. 

The first step in the up-and-down treatment is the 
preparation of specimens with § structures. The 
preliminary blocking-in tests indicated that all-f 
or 8+y structures could be obtained in 7 of the 14 
alloys studied by aging for 100 hr at particular tem- 
peratures. Bars of these alloys were aged for 150 
hr at the selected temperatures to insure completion 
of the transformation to 8. The predominately £8 
structures of these bars were verified by metallo- 
graphic examination of the top and bottom of each 
bar. The two alloys which required double-aging 
treatments to agglomerate the y phase were not 
amenable to the up-and-down type of test, so no 
attempts were made to produce £8 structures in these 
alloys. 

In the preliminary tests, 100-hr aging treatments 
failed to produce all-8 or 8+y structures in five of 
the alloys (1.05, 3.02, and 5.94 pet W, and 0.95 and 


Cr x 100 
4.04 pct Mo with —————— approximately 20). 
Co + Cr 

This undoubtedly resulted from the sluggishness of 
the transformation at relatively low temperatures. 
All of the alloys mentioned contained a minimum of 
about 2 to 5 pct a after aging, with the exception 
of the 5.94 pct W alloy; in this, the a structure pre- 
dominated at all of the aging temperatures. 

Tests were made to determine whether cold work- 
ing prior to aging would speed up the transforma- 
tion from a to 8. It was found that cold reducing 
15 pet before aging at the appropriate temperatures 
for 75 hr resulted in structures which were essen- 
tially 8 phase in the five sluggish alloys. Conse- 
quently, 8 stock for these alloys was prepared in 
this manner. To eliminate the possible influence of 
prior history on the trar.;formation, the all-a speci- 
mens were also prepared from cold-worked stock. 

After metallographic examination of the up-and- 
down test specimens, a comparison of the prior 
structures was made with those observed after aging. 


Table IV. Summary of a- Transformation Data for Co-Cr 
Alloys with Ternary Additions of W and Mo 


Experi- 
1 > bd 
Actual —Trans-_ Correction, °C 
Mo, ©r* 100 formation, Lower Upper formation, 
Pet Co + Cr °c Limit Limit °c 


797-835 


++ 


Nae 


+ 
~ 


+ 


980-1010 985-1015 
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> — 
MA 0.10 0.38 19.9 
19.6 
MAB 0.18 O21 195 
19.8 
MB 0.20 0.37 20.0 
19.8 
MBD 0.15 0.20 20.7 ie 
21.0 
MBE 0.23 0.21 20.6 
20.6 
MC 0.21 0.39 as 
a MCA 0.36 027 202 ae 
19.9 
MD 0.28 040 204 
19.6 
MDA T 0.40 0.24 204 
Bott 20.4 
ME 028 048 314 
MEA 0.27 023 31.9 
32.1 
MF 023 0.36 31.0 
31.0 
MG 0.29 043 31.0 
30.8 
MGA 0.33 021 31.7 
; 31.8 
MH 042 056 31.3 
31.1 
4 ta 
ig 
ve 
w 
4 
Au Pet 
DAA 1.19 19.7 + + 802-840 
DBC 2.72 20.3 800-840 796-836 
DCA 5.95 19.6 813-850 + 820-857 
DD 1.06 31.7 916-931 + 918-933 
; DE 3.06 31.9 919-941 + + 920-942 Ae 
DF 5.52 31.6 891-913 + + 894-916 7 
MAB 0.80 19.7 807-842 + 812-847 
MBE 3.91 20.6 845-883 836-874 a 
MC 7.83 19.4 903-933 fh 914-944 
MD 11.9 20.0 978-1015 978-1015 
ME 0.70 314 909-926 913-930 
MF 352 31.0 935-949 942-955 
MG 7.92 30.9 960-990 968-997 
MH 11.65 31.2 
* Corrected to 20.0 or 32.0. 
re 
< 


temperature. Knowledge of the phases in equilib- 
rium followed directly from a comparison of the 
new phases forming in each specimen of a pair aged 
at any one temperature. Knowing which phases are 
in equilibrium at a given temperature permits locat- 
ing the a-8 transformation range with respect to 
this temperature. 

For each of the alloys investigated, a plot was 
made of the up-and-down structural data as a 
function of the isothermal aging temperature. For 
convenience, the amounts of a present in the speci- 
mens with both a and 8 prior structures were plotted, 
as well as the amount corresponding to the average 
or equilibrium structure. For each alloy, the tem- 
peratures represented by the intersection of a 
straight line passed through the equilibrium points 
with the ordinates corresponding to 0 and 100 pct a 
have been taken as the lower and the upper limits, 
respectively, of the transformation range. These 
temperatures are summarized in Table IV. 

The alloys with the two highest molybdenum 


Cr x 100 
Co + Cr 


contents and with 32 were not amen- 
able to the up-and-down type of treatment, because 
double-aging treatments were necessary in those 
alloys to permit identification of the matrix phases. 
Consequently, the data for these two alloys were 
obtained from only the preliminary tests in which 
the double-aging treatments were used 

It was intended that these studies would be made 
Cr x 100 
on alloys with — 20.0 and 32.0. As shown 

Co +Cr 

in the chemical analyses in Tables II and III and 
summarized in Table IV, the alloys did not exactly 
meet these requirements. Corrections were applied 
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TUNGSTEN, WEIGHT PER CENT 
Fig. 1—Eftect of tungsten on alpha plus beta temperature 
range and gamma precipitation in Co-Cr-W alloys with 


Cr x 100 
20.0 
Co + Cr 
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This showed which phases were forming at the aging 


to the experimental data to adjust for the slight 
variations in chromium content. 
These corrections were determined in the fol- 
Cr x 100 
lowing manner: The value of ConGr was calcu- 
o+Cr 


lated for each alloy. (These values are given in 
Table IV.) Then, by referring to the Co-Cr binary 
diagram, the transformation temperature of a 
binary alloy with that chromium content was noted. 
The difference between this temperature and the 
transformation temperature for the 20.0 or 32.0 pct 
Cr alloy, as the case might be, was taken as the 
correction to be applied algebraically to the trans- 
formation temperature of the ternary alloy under 
consideration. As an example, consider alloy DAA 


Cr x 100 
(Table IV) which has a value of ——————— 19.7. 
Co + Cr 
The limits of the a+ 8 field of a binary alloy with 
19.7 pet Cr are 5°C lower than the limits for one 
containing 20.0 pet Cr. Then 5°C is added to the 
experimental transformation limits for alloy DAA 
to give the corrected transformation range shown 
in the last column in Table IV. 
In the same manner the temperatures of the 
individual up-and-down tests and the preliminary 
aging tests were corrected so that the observed 


Cr x 100 


exactly 
Co + Cr 


structures represent alloys with 


20 and 32. The corrected values are plotted in Figs 
1 to 4, showing the effect of tungsten or molybdenum 
upon the a+ temperature range in these alloys. 
After these differences in chromium content are 
compensated for, the data more clearly show the 
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range and gamma precipitation in Co-Cr-W alloys with 
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Fig. 3—Eftect of molybdenum on alpha plus beta temperature 
range and gammo precipitation in Co-Cr-Mo alloys with 
Cr x 100 


effects of tungsten and molybdenum upon the trans- 
formation. 

It would be desirable to make corrections also for 
the small amounts of nitrogen, iron, and nickel 
present in these alloys as impurities, inasmuch as 
the effects of these elements have been determined.’ 
However, these additiona! corrections were not made 
for reasons covered in the discussion. 

Gamma Precipitation: All of the preliminary and 
up-and-down aged specimens were repo!ished and 
etched so that y phase, if present, could be detected 
metallographically. Additional aging tests were re- 
quired for those alloys in which the a-f trans- 
formation and the limit of y solubility are found 
in different temperature ranges. All of these sup- 
plementary tests were made on homogenized stock 
cold worked to a reduction of 15 pct to accelerate the 
precipitation of y phase. The first specimens were 
aged for 50 hr; all others were aged 100 hr so that 
the data obtained from these are comparable with 
the results from those up-and-down specimens 
which had been cold worked. 

Corrections for variations in chromium were ap- 
plied to these data, using the method described 
earlier in this paper. These temperatures are sum- 
marized in Table V and indicate the temperature at 
which y starts to precipitate in each alloy. The cor- 
rected data are also plotted in Figs. 1 through 4. 

Thus, Figs. 1 through 4 show the influence of tung- 
sten and molybdenum on both the a-§ transforma- 
tion and the precipitation of y in Co-Cr alloys with 


Cr x 100 


a 20 and 32. 
Co + Cr 
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MOLYBDENUM, WEIGHT PER CENT 


Fig. 4—Effect of molybdenum on alpha plus beta temperature 
range and gamma precipitation in Co-Cr-Mo alloys with 
Cr x 100 320 


Co + Cr 


Discussion of Results 
As mentioned earlier in this paper, it would have 
been desirable to apply corrections to the data to 
compensate for the traces of iron, nickel, and nitro- 
gen present as impurities. However, when attempts 
were made to apply such corrections, inconsistent 
results were obtained. For example, in some cases 
after these corrections were made, the lower limit 
of the a+ region was above the upper limit. This, 
of course, is impossible. One explanation for this 
might be the inaccuracy of the ternary diagrams at 
these small percentages (traces) of the third ele- 
ment. It is also possible that interactions occur be- 
tween the traces of iron, nickel, or nitrogen and the 
molybdenum or tungsten present in the alloys being 
studied, in which case the correction factors obtained 
from the ternary diagrams would not apply. Conse- 
quently, in Figs. 1 through 4 no corrections have 
been made for impurities in the alloys. 
In the up-and-down tests on one of the molybde- 
Cr x 100 


num alloys (alloy MF with 3.52 pet Mo and —————— 
Co + Cr 


31.0), two pairs of specimens appeared to have in- 
consistent structure ratings. These two pairs were 
treated isothermally at temperatures 2°C apart, the 
second test intended as a check of the first. Normally 
after an up-and-down aging treatment in the a-8 
transformation range for each pair, the specimen 
with an a prior structure contains more a than the 
one which had a £ prior structure. Under ideal con- 
ditions in which equilibrium is attained, the two 
would have the same amount of a given phase. In 
these tests, after aging, the specimens which were 
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Table V. Summary of +»-Solubility Date for Co-Cr Alloys with 
Ternary Additions of W and Mo 
Cor- 
rected 
Limit 
of 
Actual Sela- 
w. Mo, bility, tien, bility,* 
Alley Pet Pet Co + Cr °c 
DAA 1.19 19.7 744 6 7 
DBC 2.72 20.3 795 8 787 
DCA 5.95 19.6 805 +9 
DD 1.06 31.7 850 +3 853 
DDA 1.00 $2.1 886 1 885 
DDB 1.03 32.2 917 2 915 
DE +.0€ 11.9 882 +1 883 
DEC 2.92 32.1 980 1 979 
DF 5.52 31.6 +4 
MA 0.95 19.7 780 6 786 
MAB 0.80 19.7 740 +6 746 
MB 404 19.9 760 +2 762 
MBD 3.93 20.8 790 20 770 
MBE iol 20.6 857 15 842 
MC 7.83 19.4 790 16 806 
MCA 7.82 20.0 925 0 925 
MD 119 20.0 1060 0 1060 
MDA 11.5 20.4 1030 10 1020 
ME 0.70 1.4 930 5 935 
MEA 0.96 12.0 970 0 70 
MF 52 11.0 1051 Q 1060 
MG 7.92 0.9 1250 10 1260 
MGA 7.85 41.7 1250 1253 
MH 11.65 12 1260 7 1267 
Cr x 100 
* Corrected to 20.0 or 32.0 


formerly « contained much less a than did the speci- 
mens which were formerly 8. However, it was found 
that in each instance the specimen which was for- 
merly «a contained much less y after aging than did 
the specimen which was formerly 8 phase. This 
large differential in the amount of y phase which 
precipitated means that the composition of the 
matrix phase for the two specimens of each pair was 
different. Since the y phase is rich in chromium 
(Co.Cr,), the matrix of the specimen with the most 
y precipitate was lower in chromium content than 
that of the other. The Co-Cr binary diagram shows 
that as the chromium content is lowered, the trans- 
formation temperature range is also lowered. Thus, 
since the two specimens were aged at the same 
temperature, the specimen which was formerly a 
was lower in its transformation range, and hence 
contained more 8 

One of the objectives of this investigation was to 
learn the reason for the inconsistent high tempera- 
ture mechanical properties of Vitallium. Erratic data 
obtained while determining the temperatures at 
which y starts to precipitate in the W and Mo-bear- 
ing ternary alloys may be associated with these 
inconsistent properties. For example, in alloys of 
nominally the same composition, the temperature 
at which the first metallographic trace of y was 
observed varied by as much as 120°C. These data 
have been summarized in Table V 

In Figs. 1 through 4, the y precipitation studies 
at most of the concentration levels of the ternary 
addition element were made on two and occasionally 
three alloys of approximately the same composition 


In every instance, the up-and-down tests were made 


on only one of the alloys at a given concentration 
level. In plotting the results of the preliminary, up- 
and-down, and y-precipitation aging tests, the ab- 
scissas represent the ternary alloy content of that 
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alloy actually used for a specific heat treatment. In 
some instances, the alloy contents are so close as to 
lead to confusion of structural data of one alloy with 
that of another. In such instances, one of the a?loys 
has been identified by the code used in the tables of 
chemical analyses and in the tables summarizing the 
results of the transformation and the y-precipitation 
studies. 

For example, in Fig. 3, three alloys are repre- 
sented with approximately 4 pct Mo, one at 4.04 pct 
and others at 3.93 and 3.91 pct. Information obtained 
using the alloy containing 3.93 pct Mo has been 
labeled “alloy MBD” to distinguish it from data per- 
taining to the alloy with 3.91 pct Mo (alloy MBE). 
As shown in the figure and summarized in Table V, 
the temperature at which y starts to precipitate in 
these three alloys varies considerably. It ranges from 
about 760°C for alloy MB (4.04 pct Mo) and 770°C 
for alloy MBD (3.93 pct) to about 840°C for alloy 
MBE (3.91 pct). 

Undoubtedly these variations in y-precipitation 
characteristics are influenced either by trace ele- 
ments (impurities) or by prior mechanical or ther- 
mal history. The factors responsible for these varia- 
tions in the ternary alloys may also be responsible 
for the inconsistent mechanical properties of Vital- 
lium, because of the influence of y precipitation on 
mechanical properties. It is planned to study this 
more thoroughly in the next phase of this investi- 
gation 

Summary 

Results of this investigation show that tungsten 
has little effect upon the a-§ transformation tem- 
perature range, while molybdenum tends to raise it. 
Both elements tend to promote the formation of y 
phase, molybdenum being more potent in this re- 
spect than tungsten. 

It is concluded from X-ray diffraction studies that 
in the Co-Cr-Mo alloys, the molybdenum is in solu- 
tion in both y and the two Co-rich terminal solid 
solutions, « and £. 

Anomalous results were obtained in y-precipita- 
tion studies of alloys of nominally the same composi- 
tion. It seems likely that the y-precipitation charac- 
teristics of these alloys are influenced either by im- 
purities or by prior thermal or mechanical history 

When attempts were made to correct the a-8 
transformation data to compensate for iron, nickel, 
and nitrogen present as impurities, inconsistent re- 
sults were obtained; consequently, it was impossible 
to make the corrections. One explanation is the in- 
accuracy of the ternary diagrams in the regions of 
traces of the third element. Also, not to be over- 
looked are possible interactions between the trace 
elements and the molybdenum or tungsten present 
in the alloys investigated. 
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Isothermal Transformation and Properties of a Commercial 


Aluminum Bronze 


by A. H. Kasberg, Jr. and David J. Mack 


The transformation characteristics are found to resemble a similar 


binary alloy. The differences are due to the alpha iron particles. 
While strength properties of the isothermally transformed alloys 
are high, ductility is low, resulting in high notch sensitivity. The 
elastic modulus can be varied widely and correlates with strength. 


CONSIDERABLE amount of work has been 
done on the isothermal transformation of high 
purity aluminum bronzes using the methods pio- 
neered by Davenport and Bain.’ The first isothermal 
study of these alloys was made by Smith and Lind- 
lief,, but more recently Mack** and Klier and 
Grymko’ have continued the work. In commercial 
aluminum bronzes, one or more elements are always 
added to refine the 8 grain size and to improve the 
mechanical properties. The effect of these elements 
on the isothermal transformation has not been re- 
ported in the literature. 

No systematic study of the properties of isother- 
mally transformed aluminum bronzes has apparently 
been reported, aithough adequate information is 
available on their properties after more conventional 
heat treatments. The fact that a eutectoid alloy will 
reject face-centered cubic a during isothermal trans- 
formation at appropriate temperatures’ * warrants 
investigation of the properties of such structures. 
Another cogent reason for determination of proper- 
ties is the fact that the modulus of elasticity of the 
eutectoid alloy varies widely with the nature of the 
heat treatment.” 

Preliminary experiments indicated that a high 
purity eutectoid alloy would not give reproducible 
results in property determinations because of ex- 
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Abnormal grain growth sometimes occurs. 


cessive 8 grain growth during heat treatment, a 
single 8 grain frequently occupying the entire cross- 
section of a standard test bar. For this reason a com- 
mercial aluminum bronze containing iron as a grain 
growth inhibitor was used. 

The isothermal transformation diagram of the al- 
loy was first determined. On this basis, the heat 
treatments necessary to produce representative 
structures were selected and the properties de- 
termined. 

Material 

A commercial alloy (Ampco Grade 20) of the fol- 
lowing composition was used: Cu, 83.68 pct; Al, 12.31 
pet; Fe, 3.68 pct; Ni, 0.28 pet; and Mn, 0.03 pct. This 
ulloy proved to be very close to the eutectoid com- 
position and may be compared with the accepted 
value’ of 11.8 pct Al in the binary Cu-Al system. 
Comparison is valid only because of the “negative 
replacement effect” of the iron.” Since traces of 
excess y, are present, the alloy is slightly hyper- 
eutectoid. The material was received in the form of 
%4 in. round, hot extruded bars. Specimens of ap- 
proximately ‘s in. thickness were cut from this 
stock and drilled to allow suspension in the salt 
bath. 

The structure of the as-received material varied 
from 5 to 40 pet a + y,* in a matrix of ~’. The 
amount of a + y,. present was dependent upon the 8 
grain size of the extruded material. The coarse 
grained portions did not form as much a + y, as did 

* The phases encountered in the binary Cu-Al alloy sre as fol- 


lows 
Face-centered cubic copper-rich terminal! solid solution 


a 

B Body-centered cubic intermediate solid solution stable 
above the eutectoid temperature range 

8, — Ordered body-centered cubic 8 

8 — Martensite structure, Al<13 pct, nearly hexagonal close- 
packed 

8” Appears as rosettes in The of Smith and Lindlief.* 

52 Intermediate aluminum-rich solid solution. 5 brass struc- 
ture 


Martensite structure, Al>13 pct, hexagonal close-packed 
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Fig. 1—20 hr at 975 C, quenched 20 min at 
800 C, quenched to 315 C, and held 48 hr 
Iron particles in XS500 


Fig. 2—20 min at 800 C, quenched to 315°C, 
and held for 48 hr. Iron particles in '. X500 


Fig. 3—20 min at 800 C, quenched to 550°C 


for 120 hr. tron particles ‘medium! in an 
equilibrium structure of light! and 5. ‘dork 
X2000 
Fig. 4—Transtormed 16 min at 500°C. « and 
>. in &750 


Fig. | 


Fig. 2 


Fig. 3 


Fig. 4 
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the fine grained portions upon cooling after extru- 
sion. The grain size was a function of the amount 
of work the material received in the extrusion proc- 
ess, the first metal to be extruded from a billet 
being much less drastically worked than the last 
metal to be extruded and hence having a coarser 
grain size. 

Some centrifugal sand castings of this same ma- 
terial were also supplied by Ampco Metal, Inc., for 
property determination. The analyses of the ex- 
truded and cast material were nearly identical. 


Isothermal Transformation 

All experimental procedures employed were those 
commonly used in work of this nature. The 's in 
wafer specimens employed for the determination of 
the isothermal transformation diagram were soaked 
20 min at 800°C in air and quenched in the isother- 
mal salt bath, followed by water quenching to stop 
the reaction. This soaking time and temperature 
allowed complete homogenization and no £8 grain 
growth was observed in specimens that contained 
no stress concentrators. This will be discussed in the 
section on abnormal grain growth. The experimental 
results are described in the following sections. 

Iron-rich Particles: In view of the importance of 
the iron in controlling the 8 grain size and because 
very little material has been published concerning 
the behavior of the iron-rich phase, a study was 
made of the behavior of these particles during dif- 
ferent thermal treatments 

These iron-rich particles have been variously de- 
fined as, “intermetallic compound,” FeAl,, and a 
eutectic of Al-FeAl,. The most accurate description 
of them in the literature was made by Strauss.” On 
the basis of much indirect evidence it was assumed 
that these iron-rich particles were, in actuality, 
b.c.c., a iron. After this hypothesis had been formu- 
lated, the authors ran across a little known paper by 
Yutaka" on the ternary Cu-Al-Fe system which 
completely confirmed the hypothesis that these 
“iron-rich” particles were merely a iron. 

Specimens were held at various temperatures in 
the 8 region to observe the equilibrium conditions 
attained between the ea-iron particles and the £8 
matrix. Maximum solubility of the particles occurs 
at about 975°C. Fig. 1** shows the particle distribu- 
tion obtained by holding at 975°C for 20 hr, quench- 
ing in water, reheating to 800°C for 20 min and 
quenching in a salt bath at 315°C for a period of 48 
hr, followed by a water quench. No reaction took 
place in the 8 matrix at the 315°C holding tempera- 
ture except for the precipitation of the a-iron 
particles. The large rounded particles indicate the 
amount that was not in solution at 975°C, and the 
small particles indicate the amount that came out 
of solution during the treatment at lower tempera- 
tures. The relative number of fine particles is a 
measure of the difference in solubility between 975 
and 315°C The arrangement of the fine particles in 
straight lines suggests that the particles nucleate 
along preferred crystallographic planes. 

Fig. 2 is shown for comparison. This specimen was 
soaked at 800°C for 20 min and quenched in the salt 
bath at 315°C for 48 hr. The relative number of fine 
particles indicates the amount of the iron-rich phase 
in solution at the start of the isothermal transforma- 
tions. 

Fig. 3 shows the equilibrium structure attained by 


** Uniess stated to the contrary, all specimens were etched with 
the ferric nitrate etch described in ref. 3 
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holding for 120 hr at 550°C. The dark etching phase 
is y., the light areas are a and the a-iron particles 
are an intermediate gray shade. It should be noted 
that the a-iron particles are concentrated in the 
a phase. At lower magnifications this causes the a 
phase to have a mottled appearance 

The specimens held at temperatures in the £ re- 
gion were examined for grain growth. It was found 
that the a-iron particles effectively inhibit normal 
grain growth for periods of 1 hr at temperatures up 
to 900°C. 

The a-iron particles apparently cause an age- 
hardening phenomenon when specimens are quen- 
ched from the soaking temperature of 800°C to sub- 
eutectoid temperatures. Fig. 12 shows a plot of 
hardness vs. holding time for constant temperature 
and is representative of the sequence of changes at 
all isothermal transformation temperatures. From 
the previously noted change in solubility of the a- 
iron particles with temperature, it is believed that 
this increase in hardness, before the eutectoidal de- 
composition of the 8 phase occurs, is due to the pre- 
cipitation of the a-iron particles. 

Eutectoid Temperature Range: The eutectoid 
transformation in this case is of the binary eutectoid 
type occurring in a three-component system. Hence, 
it possesses one degree of freedom and can occur 
over a temperature interval. The values of 576° to 
592°C obtained for this temperature interval by 
heating curves are probably high due to thermal 
hysteresis. The metallographic determination gave 
results slightly lower than these values, but definite 
start and finish temperatures could not be estab- 
lished. Cooling curves were not taken because the 
alloy undercools badly. An error of 5°C due to 
hysteresis seems reasonable. The eutectoid tempera- 
ture determined for this alloy is slightly higher than 
the values determined for the binary Cu-Al alloy of 
556°C’ to 565°C’. 

Isothermal Transformation: An orderly pearlite 
reaction such as is usually found in the high purity 
alloys was not observed in this alloy in the extruded 
form, but commonly occurs in castings. Small areas 
sometimes develop a uniform lamellar structure, but 
most of the decomposition is by a rhythmical or al- 
ternate precipitation of a and y..* This results in an 
acicular, bainite-appearing product which may have, 
in fact, morphological resemblarce to bainite be- 
cause it develops out of concentration gradients in 
the 8 resulting from a pre-eutectoid precipitation. 
Fig. 4 illustrates this type of reaction, in which the 
pre-eutectoid rejection of a is complete and y. is 
precipitating along the Widmanstatten planes giving 
a feathery, indistinct structure. The time-tempera- 
ture-transformation diagram is shown in Fig. 5. 

A few comments on the reaction at specific tem- 
peratures follow: 

545°C: The reaction is nucleated by the iron-rich 
particles, the pre-eutectoid rejection of y. starting 
after 100 sec. The precipitation of y. apparently sets 
up a concentration gradient and at about 2 min a 
rhythmical precipitation of a and y. begins. A few 
small areas develop a lamellar structure, but the 
presence of iron particles and concentration gra- 
dients interfere with its development. Fig. 6 shows 
the equilibrium structure of lamellar areas and 
coarse aggregate. The mottled appearance of the a 
phase is due to the iron-rich particles, see Fig. 3. 

+ The term, “discontinuous precipitation” has been avoided be- 
cause the authors believe it is commonly used when a recrystalliza- 


tion of the matrix occurs, and this does not happen here 
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Fig. 5—Time-temperature-transformation diagram. 


500°C: The eutectoid reaction is now preceded by 
the rejection of a along the 8 grain boundaries and in 
a Widmanstatten pattern within the grains. The 
reaction apparently proceeds in a pattern similar to 
that proposed for the bainite reaction by Hultgren” 
and the similarity to bainite is apparent in Fig. 4. 
At this temperature the reaction is nucleated by both 
the grain boundaries and iron-rich particles. 

395°C: The reaction is similar to that at higher 
temperatures but the time required is much longer 
and the resulting structure is finer. The nucleation 
and growth of the fine Widmanstatten a structure 
takes place from both the grain boundaries and iron- 
rich particles. The y. areas develop in the aluminum- 
rich areas between the Widmanstatten plates. Fig. 
7 shows the final structure attained at this tempera- 
ture. It is apparent that the structure is primarily 
determined by the Widmanstatten rejection of «. 

Effect of 8 Grain Size: Specimens of the finest and 
coarsest uniform £8 grain sizes were transformed at 
500°C. The fine grain specimens were obtained from 
the most drastically worked end of the extruded rod 
and had a 8 grain size of less than 0.010 mm. The 
coarse grained specimens were obtained by heating 
at 975°C for 20 hr and had a 8 grain size of about 
4 mm. The start of the transformation for the fine 
grained specimen was found to be 30 sec at 500°C, 
the time required for the transformation to start in 
the large grained specimen being 300 sec. The 
maximum influence of grain size on the time re- 
quired for transformation between grain size 0.010 
and 4.0 mm is a factor of 10 and is similar to the 
effect found in Fe-C alloys." The time-temperature- 
transformation curves were determined for two 
grain sizes, 0.010 and 0.090 mm. Both curves are 
shown for comparison in Fig. 5. 

Martensite Reaction: It was apparent from the 
thermal characteristics of the martensite reaction in 
this aluminum bronze that it is endothermic while 
the martensite reaction in steel is exothermic. The 
slope of the time-temperature cooling curve for the 
aluminum bronze is the same before and after the 
martensite reaction. 

The value obtained for the M, temperature was 
270°C as indicated in Fig. 5. This compares with an 
M. temperature of 370°C for the high purity binary 
alloy. Examination of the #’ structure by polarized 
light on longitudinal sections cut from the extruded 
bars showed some preferential orientation of the 8 
phase. 

Abnormal Grain Growth: Abnormal grain growth 
was encountered in this study of the isothermal 
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Fig. 6—Transformed 3 hr at 545°C. Transformation is complete. 
A rhythmical precipitation of a and +, with a small area of pearlite 


is shown. X750. 
Fig. 7—Transtormed 48 hr ot 395°C. Equilibrium structure of 
and X750. 


Fig. 8—Transformed 10 sec at 450°C. Grains growing from drilled 
hole. 20 pct HNO, etch. X8. 


Fig. 6 Fig. 9—Transformed 20 sec at 450°C. Grain growth in the neigh- 
borhood of seams resulting from the extrusion process. 20 pct HNO, 
etch. X8. 


Fig. 10—Transtormed 10 sec at 315°C. Martensite structure visible 
within the large grains. 20 pct HNO, etch. X3.3. 


transformation of a commercial aluminum-bronze. 
Large grains developed during isothermal transfor- 
mation at temperatures of 450°C or lower. The grain 
growth occurred in the retained 8 phase before the 
martensite reaction started at a temperature of 
270°C. The grain growth was apparently nucleated 
by mechanically induced interruptions in the nor- 
mally symmetrical stress pattern resulting from 

Fig. 7 thermal contraction during quenching in the iso- 
thermal bath. 

Investigation of this phenomenon showed that 
extruded specimens transformed at temperatures 
higher than 450°C showed no evidence of grain 
growth, since quenching stresses were not large 
enough. Specimens transformed at 450°C showed 
that grain growth had started at mechanical stress 
concentrators, Figs. 8 and 9. At this temperature the 
isothermal grain boundary reaction started in about 
10 sec, which stopped the grain growth. Specimens 
that were quenched to lower temperatures o1 
directly to room temperature showed extensive grain 

Fig. 8 growth, Fig. 10. The structure within the large 
grains exhibits martensite needles that extend the 
full width of the grain, indicating that the grain 
growth was complete before the martensite start 
temperature of 270°C was reached. 

Only specimens with eccentrically positioned 
stress concentrators showed abnormal grain growth. 
In specimens with drilled holes at or near the center 
there was no abnormal grain growth even when a 
dull drill was used. In this case normal recrystalli- 
zation occurred in the cold-worked area around the 
hole, but this grain growth was not abnorrnal. The 
sand-cast specimens provided an excellent illustra- 
tion of the effect of the nonuniform stress pattern on 
abnormal £ grain growth. They were heat treated 
as-cast in the irregularly shaped bars and without 
exception showed very large § grains; the extruded 
specimens were heat treated as uniform cylinders 
and showed no abnormal grain growth unless in- 
ternal seams were present to provide the stress con- 
centration. The sand-cast specimens showed ab- 
normal grain growth at all isothermal temperatures 

Discussion: The isothermal transformation of this 
alloy was essentially the same as that encountered 
in binary alloys.” ** The primary differences are: 
the raising of the eutectoid temperature and its ex- 
pansion into a three-phase field; the lowering of the 
martensite start temperature; and the effect of the 
iron-rich particles in nucleating the decomposition 
Fig. 10 and interfering with the development of a uniform 

pearlitic structure. 

The coarsest structures were obtained at the 
highest transformation temperature, and the struc- 
tures became progressively finer as the transforma- 
tion temperature was lowered. This was to be 
expected due to the decrease in diffusion rates with 
a decrease in temperature. 


Fig. 9 
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The §” rosettes observed by Smith and Lindlief 
and Mack" in high purity eutectoid Cu-Al alloys 
were not observed in this alloy. 

The presence of an ordering reaction or the pres- 
ence of y’ in the partially transformed specimens was 
not determined since an X-ray diffraction analysis 
was not made. 

Properties 

Experimental Procedure: The extruded rod was 
cut to pieces 5% in. in length, every third specimen 
being 6‘ in., thus allowing a 1 in. section for re- 
moval for metallographic examination and hardness 
determination. The specimens were heat treated in 
groups of three. They were soaked at 800°C for 
30 min in air and then quenched in the isothermal 
salt bath held at various subeutectoid temperatures. 
Specimens that had completely transformed in the 
salt bath were then air-cooled to prevent cracking, 
since structures composed of a and y. are very 
brittle. Other specimens held for intermediate time 
intervals, thus allowing only partial transformation, 
were quenched in cold water to arrest the transfor- 
mation. 

A dynamic modulus of elasticity was then deter- 
mined on each cylindrical heat-treated specimen 
using it as a “free-free” beam, vibrated at its natural 
frequency. This dynamic testing machine was de- 
signed and built by W. T. Thomson, of the Mechanics 
Department, University of Wisconsin. 

After dynamic modulus determination the cylin- 
drical specimens were machined to standard 0.505 
in. tensile bars and pulled in a universal testing 
machine. The static modulus of elasticity was ob- 
tained by plotting the stress-strain curve and taking 
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Fig. 11—Yield strength as a function of the modulus 
of elasticity of Ampco 20. 


the slope of a tangent drawn at one third the yield 
strength (based on 0.5 pct elongation). This point 
was chosen since it would approximate the allow- 
able working stress in this alloy in service. The 
results of the property determinations are shown in 
Table I. 

Discussion: The stress-strain curves for these 
aluminum bronze structures are continuous curves, 
but at higher values of hardness and strength the 
lower portion of the curve approaches a straight 


Table |. The Properties of an Isothermally Transformed Commercial Aluminum Bronze (Ampco 20) 


thermal Bri- Vield Elen- - Dynamic ticity Microstructure 
Trans- Time nell Ultimaty Strengih gation tion Modulus (ati/3% (a-Iron Particles Are Al- 
Speci- formation at Hard- Tensile 0.5 Pet in? in of Elas- Yield ways Present in Addi- 
men Tempera- Tempera- ness Strength, Elon. In., Area, ticity, Strength), tien to the Phases Be- 
No. ture, °C ture Ne. 1000 psi 1000 psi Pet Pet 10 psi 10° psi low.) 


PART A-—Cut from Extruded Bars.* 


Pre-eutectoid in 


1A 5 8 min 217 111 42 42 13.3 1B + 
2A 5 28 min 277 107 0 0 20.4 20.4 a and ya 
3A 3 Shr 2 min 285 118 0 0 20.5 20.7 a and +2 (equilibrium) 
1B cant 1 min 248 118 47 3.8 13.0 12.1 Pre-eutectoid a in pf’ 
2B +5 5 min 277 111 17 17 16.0 15.3 10 pet a and +42 in pf’ 
3B +5 8 min 302 123 0 0 19.7 18.6 70 pet a and 42 in §’ 
1c 5 8 min 248 109 2.5 2.7 14.7 13.9 5 pet a and y2in p’ 
2c +5 20 min 277 118 12 15 16.8 15.9 20 pet a and +2 in £’ 
3c 5 40 min 293 102 0 0 20.0 20.6 98 pct a and +2 in pf 
ac 5 lhr 20 min Specimens cracked in quenching 20.5 aand +: 
5c 5 2hr 40min 293 Specimens cracked in quenching a and +2 (equilibrium) 
iD 5 2min 15 sec 241 107 47 48 13.2 11.3 Pre-eutectoid a in 
2D +5 11 min 241 115 3.5 3.2 13.1 11.2 Pre-eutectoid a in §’ 
3D 5 lhr 255 119 2.5 3.3 13.4 12.2 1 pet a and +2 in §’ 
4D +s 6 hr 4 min 285 118 08 08 16.5 16.5 15 pet a and +: in B 
5D 5 14hr 313 131 0 0 20.4 21.5 aand >: 
6D 5 48 hr air cooled 317 131 0 0 20.8 21.6 a and 42 (equilibrium) 
1E 5 4 min 241 106 47 3.5 11.4 9.3 Pre-eutectoid a in §’ 
2E =5 4hr 255 110 2.3 3.0 11.5 9.8 Pre-eutectoid a in §’ 
3E 5 42 hr 72 116 1.6 2.0 12.4 111 2 pet a and +42 in p’ 
Quenched from 800°C 45 5.3 13.0 12.0 i 


PART B—Centrifugal Sand Castings.** 


Sand- Average quoted properties 


cast in “‘as-cast"’ condition’? 207 85 40 
2784-1A 545+5 8 min a7 59 36 
2784-1C 455-5 8 min 212 50 
2784-5D 3955 hr 76 55 


2784-2E 35025 4hr 


* All property values are an average of three specimens 


Pre-eutectoid a and lamel- 
40 3.5 12.0 lar (a+ ye) eutectoid in 
1 specimen only, others 

10 2.7 broke in machining Pre-eutectoid +2 in 8’ 

Pre-eutectoid a in §’ traces 

1.5 14 2 specimens of lamellar eutectoid 

1 specimen only, others Pre-eutectoid a and 35 pct 

0.5 0 broke in Brinell tester lamellar eutectoid in §’ 

All bars broke 

during machining Pre-eutectoid a in 8’ 


** All specimens showed abnormal grain growth 
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Fig. 12—Percentage transformation, hardness, and modulus of 
elasticity vs. holding time at 400°C. 


line. When the yield strength is chosen at 0.5 pct 
elongation, the yield strength is a function of the 
modulus of elasticity as shown in Fig. 11. 

The physical properties are plotted as a function 
of structure in Figs. 12 and 13 for an isothermal 
transformation temperature of 400°C. At 100 sec the 
pre-eutectoid rejection of a has started and an ap- 
parent age-hardening reaction due to the iron phase 
present begins. The hardness and tensile strength 
increase but the elastic properties remain fairly 
constant. At about 5000 sec the eutectoid reaction of 
8—a-+y, begins and hardness, strength and elastic 
properties increase and approach a maximum when 
the reaction is about 60 pct complete. At this point 
the a+y, aggregate apparently forms a continuous 
path through the structure. The plastic properties 
(1.e., elongation and reduction in area) decrease with 
a further increase in holding time and drop to zero 
shortly after the eutectoid reaction starts 

The structures obtained at the lower transforma- 
tion temperatures are finer than the high tempera- 
ture structures and give a better combination of 
properties. The high temperature structures appear 
to be very sensitive to notches and all such speci- 
mens failed in tension at the gage marks. Some of 
the specimens treated at lower temperatures also 
failed at gage marks. The result of this notch sensi- 
tivity is a wide spread in the experiniental results 

The agreement between values of the modulus by 
the dynamic method and the static method is very 
good and most discrepancies can be correlated to the 
shape of the stress-strain curve 

Because of the bad effect of the abnormal grain 
growth on properties and the fact that this abnormal 
grain growth will occur whenever a change in sec- 
tion size exists, the adaptation of isothermal trans- 
formation to commercial heat treatment of this par- 
ticular aluminum bronze seems out of the question 
Any improvement in properties that might be ob- 
tained by isothermal treatment would be masked or 
endangered by the omnipresent possibility of ab- 
normal grain growth 

Summary 


1—The change in solubility of the a-iron particles 
with temperature has been shown to cause an age- 
hardening effect during subsequent isothermal hold- 
ing. The iron particles are effective in preventing 8 
grain growth for periods up to 1 hr at 900°C 

2—The eutectoid transformation occurs over a 
temperature range (576° to 592°C) showing this 
aluminum bronze behaves as a true ternary alloy 

3—The isothermal! transformation characteristics 
do not differ much from those of the binary Cu-Al 
alloy. Lamellar pearlite does not form readily in the 
extruded alloy but is common in the cast material 
The major portion of the decomposition of 8 is by 
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Fig. 13—Percentage transformation, percentage elongation in 2 in., 
and ultimate tensile strength vs. holding time at 400°C. 


rhythmic or alternate precipitation of a and y.. No 
rosettes of 8” were observed. 

4—The effect of variations in § grain size on the 
transformation times is the same as commonly ob- 
served for other alloys, fine grains resulting in more 
rapid transformation. 

5—This alloy has a most unusual tendency for ab- 
normal 8 grain growth in the isothermal bath. The 
tendency is associated with nonuniform stresses set 
up in the specimen during the quench into the iso- 
thermal bath. 

6—While high ultimate tensile and yield strengths 
can be obtained by isothermal transformation, these 
high strengths are accompanied by low elongation 
and reduction in area values which lead to very high 
notch sensitivity. 

7—The modulus of elasticity can be varied over a 
relatively enormous range by suitable isothermal 
transformation. 

8—The commercial use of isothermal heat treat- 
ments for this particular alloy does not seem worth- 
while because of the low ductility and susceptibility 
to abnormal 8 grain growth. 
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Creep and Stress Rupture Behavior of Aluminum 


As a Function of Purity 


by Italo S. Servi and Nicholas J. Grant 


Extensive data of minimum creep rates and rupture times for 


m confirm the existence of a 


high purity and c rcial 


transition range from the low temperature-type to the high tem- 
perature-type behavior. The data are analyzed in line with the 


ONSIDERABLY more work has been done on the 

rupture and creep behavior of commercial alloys 
than on the less complex, high purity metals. As a 
result, certain fundamental behaviors are over- 
looked. One of the lesser known variables affecting 
the high temperature behavior of metals is the im- 
purity content (or alloy content). Impurities are 
known to affect strongly the recrystallization tem- 
perature, electrical resistivity, and other properties 
of metals, but the effect on creep and other high 
temperature mecharical properties has been deter- 
mined for very few materials. 

In view of these facts aluminum appears to be a 
fairly ideal metal, since it is available in a wide 
range of purity contents from 99.995+ down through 
the 2S (99.0 + Al) and 3S (1.2 Mn) grades in small 
steps. It is highly resistant to oxidation and other 
surface instabilities, leaving recrystallization and 
grain growth as virtually the only instabilities. 
Control of grain size is also well standardized. 

Limited data on the creep of aluminum have been 
obtained by Dushman et al.’ for high purity alumi- 
num; by Sherby* on 2S aluminum of variable grain 
size; and by Dorn and Tietz’ on cold-worked 3S 
aluminum. 

Experimental Procedure 

The apparatus consisted of a constant stress, creep 
testing unit similar to the type described by Hop- 
kin.‘ The specimens were held at temperature for 
30 min before loading. The loading time was less 
than 2 min. Factors affecting the accuracy of the data 
were: 1—the temperature gradient and control, 
+ 3°F; 2—the stress determinations, + 1.5 pct; and 
3—elongation measurements (1 in. gage), + 0.001 
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suggested theories of deformation of metals. 


in. Three grades of aluminum were tested: 1— 
high purity (99.995 pct Al), 2—2S (99.3 pct Al), 
and 3—3S (98.2 pct Al). 

The spectrographic analyses of these materials are 
reported in Table I. The specimens were annealed 
then electropolished in a perchloric-acetic mixture 
before testing. Data on heat treatments and grain 
size obtained appear in Table II. 

The entire creep curve was determined for al- 
most all of the tests. A few tests were interrupted 
after the beginning of the third stage of creep, and 
in these cases the rupture time was estimated. 


Experimental Results 

Constant stress creep-rupture testing gives a 
much longer, more accurately measurable second 
stage of creep than constant load testing. This be- 
havior is in agreement with the results obtained by 
Andrade’ for lead (see Fig. 1). If the test is run to 
completion, the third stage of creep appears as soon 
as stress intensification occurs. In the case of speci- 
mens which fail in a ductile manner, the stress in- 
tensification begins when the sample starts “neck- 
ing”. This differs from the “high temperature brittle” 
specimens in which the stress intensification is 
caused by intercrystalline cracking. These specimens 
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Fig. 1—Typical creep curves for high purity aluminum ob- 

tained from tests made at constant load and at constant stress. 
fail by parting along the grain boundaries. Fig. 2 
shows typical creep curves for two samples: a high 
purity aluminum sample which failed in a ductile 
manner, and a 3S aluminum sample which failed in 
a brittle manner. In case intercrystalline cracking 
occurs, as for the 3S sample mentioned above, there 
is no way of completing the test without entering 
third stage creep because of the inability to measure 
the area of sound metal in the cross-section. 

All the data are expressed in terms of linear 
strains and linear strain rates. It was found that the 
use of true strain and true strain rate did not change 
the fundamental results and conclusions, and merely 
shifted the log-log curves of the following figures 
relative to one another. 

The minimum creep rates have been calculated by 
determining the slope of the straight portion of the 
creep curves, as indicated by the broken lines of the 
sample creep curves of Fig. 2 

Stress Dependence of Minimum Creep Rate: Fig 
3 shows a plot of the stress vs. the log of the mini- 
mum creep rate for high purity aluminum. The data 
of Dushman et al.’ are included (dotted lines) for 
comparison 

Dushman et al.’ and Kauzmann* in applying the 
Eyring theory of activated complex’ to the creep of 
metals predicted that a straight line should be ob- 


X 


Fig. 2—Typical creep curves for a specimen which 
failed in a ductile manner (‘test No. 34) and a speci 
men which failed in a brittle manner (test No. 305 


Note the different strain scales 
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tained when the stress is plotted vs. the logarithm 
of the creep rate. This straight line corresponds to 
an approximation of the hyperbolic sine law. It was 
shown previously by Grant and Bucklin’ that the 
predicted straight line semilog plots of stress vs 
minimum creep rate do not exist over wide ranges 
of creep rate values. However, since the work was 
done on a very complex, high temperature-type al- 
loy, while Dushman et al. used high purity alumi- 
num and other pure metals, it seemed quite logical 
to try to confirm Grant and Bucklin’s observations 
by using aluminum of comparable purity. If there 
is a measurable effect of impurity content on the 
viscous behavior of metals, this should also be ap- 
parent in the creep tests. 


999954 4 ViNUM a 


MINIMUM CREEP RATE (HR 
Fig. 3—Semilog plot of stress vs. minimum creep rate 
for high purity, coarse grained aluminum. 


CREEP Pate “a 

Fig. 4—Log-log plot of stress vs. minimum creep rate 

for high purity, coarse grained and fine grained 
aluminum. 


Fig. 3 for high purity aluminum does lead to the 
same conclusions as those obtained by Grant and 
Bucklin on alloy S-590. Smooth curves best repre- 
sent the experimental points. The straight lines of 
Dushman et al. simply serve as an approximation 
over a limited range of creep rate values. While 
straight line segments would easily be selected, there 
is no good guide for such selection. A change in 
slope of the curve, interpreted in terms of Eyring’s 
theory, would indicate an increase in the size of the 
“units of flow” occurring when the material assumes 
a more viscous behavior. 
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Fig. S—High purity, coarse grained aluminum. 
Upper: Low temperature test. 400°F. Rupture time, 0.07 br. 
Lower: High temperature test, 900°F. Rupture time, 6.33 hr. 


Eyring’s theory may possibly be applicable to the 
flow of metals at much slower strain rates, or much 
higher temperatures, than the strain rates and tem- 


peratures investigated. Under these conditions the Fig. 7—Change in type of fracture of 2S aluminum as condi- 
metal may, in fact, be deforming by a purely vis- tions of testing change. 
cous mechanism. Testing temperature, 900°F. Rupture times (left to right): 
The log : 0.02 hr (low temperature); 18.4 hr (transition); 41.5 br, 81.5 
e log-log plot of stress vs. minimum creep rate hr (high temperature) 


for high purity aluminum is presented in Fig. 4. 
This plot shows that straight line segments are ob- 


Fig. 8—Change in type of fracture of 3S aluminum as condi- 
4 tions of testing change. 
Testing temperature, 900°F. Rupture times (left to right): 
Fig. 0.023 br (low temperature); 0.93 hr (low temper 
‘9 6—Log log plot of stress vs. a creep vate proaching the transition); 4.1 hr (high temperature, near 
tor 2S and 3S aluminum. transition); 58 hr (high temperature). 


served at all temperatures. However, a change in sample and only hinder the deformation of the 


slope is evident in the 500°F curve, and less clearly grains (low temperature-type behavior). Below 
in the curves for 400° and 700°F. the line A-B-C the grain boundaries are weaker 
These “breaks” locate three transition points, A, than the grains and contribute to the deformation 
B, and C, which were not readily apparent in Fig. 3. of the specimen, and do not restrict the deformation 
Metallographic examination revealed that if the of the grains (high temperature-type behavior). 
testing conditions are above the line A-B-C, the The transition line A-B-C is the line of “equi- 
grain boundaries are stronger than the grains. cohesion” for grains and grain boundaries. This 


Under these conditions, the grain boundaries do not conclusion is supported by the fact that the fine 
make any contribution to the deformation of the grained material (dotted lines of Fig. 4) is stronger 


Table |. Spectrographic Analysis of the Impurities Contained in Three Grades of Aluminum Used for Creep and 
Stress Rupture Testing*® 


Impurities, Pet 


Type of Pb, Ni, 
Aluminum ce Fe Si Mn Mg Za Cr Ti BI, B Na, Ca 
High purity 0.0017 0.002 0.001 0.0002 0.0006 
2s 0.11 0.47 0.12 0.01 0.00 0.01 0.00 0.03 0.00 
0.10 0.46 0.12 0.01 0.00 0.01 0.00 0.03 0.00 
3s 0.09 0.37 0.16 1.15 0.00 0.01 0.01 0.01 0.00 
0.36 0.01 0.01 


* The three grades of aluminum and their spectrographical analyses were furnished by the Aluminum Co. of America 


Table I. Data on Aluminum Used in Test Program 


After Heat Treatment 
“As-Received”™ Heat Treatment Grain Size, mm 


Grain Tempera- Time, Cross- Longitudinal 
Material Shape Temper Size ture, °F ur Section Section 


1000 grains 650 0.5 0.05 0.05 


fine grained* “s in. rod 


High purity 


per cumm 
High purity. coarse grained* %, in. rod 1000 grains 650 0.5 lto3 lto3 

per cu mm 1000 0.5 (20 to 30 grains per cross-section) 
2s 516 in. rod H-18 1000 3 0.02 to 0.03 0.02 to 0.03 
3s %, in. rod F 1000 3 0.05 to 0.1 0.1t0 04 


* The terms “fine grained” and “coarse grained” refer to the grain size of the sample before testing 
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Fig. 9—True elongation vs. logarithm of rupture 
time for high purity, coarse grained aluminum 


than the coarse grained material (solid lines of Fig 
4) in the low temperature region, while the reverse 
is true in the high temperature region. 

It is interesting to note that the very marked grain 
growth which occurred in tests made at 900° and 
1100°F shows up as an instability. This is evidenced 
by the fact that the slopes of the 900° and 1100°F 
curves are smaller than the slope of the 700°F 
curve. However, the same instability is not detect- 
able by inspecting the curves of Fig. 3 (semilog plot) 

The fractures of all the specimens were typically 
ductile, but the shape of the rupture zone changed 
slightly with the conditions of testing, see Fig. 5 

Fig. 6 shows the log-log plot of stress vs. mini- 
mum creep rate for 2S and for 3S aluminum. 
Straight line segments are obtained at all tempera- 
tures, with changes in slope shown at the transition 
points D, E, F, and G for 2S aluminum and at M for 
3S aluminum. The curve at 700°F shows a smaller 
change in slope than expected, with some evidence 
that the longest time tests are showing improved 
resistance to creep. A check of the hardness showed, 
in fact, that for rupture times greater than 20 hr 
there was a hardness increase of about 3 Brinell 
points 

The ductile nature of the fractures above a line 
through points D, E, F, and G and above M, and the 


000 
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Fig. 10—True elongation vs. logarithm of rupture 
time for high purity, coarse grained aluminum 
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brittle intercrystalline fracture below these points 
is shown in Fig. 7 for 2S aluminum and in Fig. 8 for 
3S aluminum. 

Metallographic observations revealed more defi- 
nite evidence of grain boundary flow and grain 
boundary cracking in the 2S and 3S specimens 
tested under high temperature conditions. These 
observations confirm the conclusion that the transi- 
tions at D, E, F, G, and M correspond to equicohesion 
for the grains and grain boundaries. 

Ductility: A study of the ductility as a function 
of purity and conditions of testing was made by 
plotting the true elongation vs. the logarithm of the 
rupture time, Figs. 9, 10, and 11. The “true elonga- 
tion” was defined by Grant and Bucklin”® as the 
elongation occurring up to the incidence of third 
stage creep. 

Fig. 9 shows that the true elongation data for 
high purity aluminum tested at 200°, 400°, 500°, 
and 700°F are scattered around average values. The 
average value of the true elongation increases as tne 
temperature increases. Fig. 10 indicates that at 900 
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RUPTURE TIME (HOURS) 
Fig. 11—True elongation vs. logarithm of 
rupture time for 2S and 3S aluminum 


and 1100°F the true elongation of high purity 
aluminum decreases as the rupture time increases. 
At these temperatures marked grain growth oc- 
curred during testing. 

Fig. 11 demonstrates that the true elongation of 
2S and 3S aluminum markedly drops at the transi- 
tion from low temperature-type to high tempera- 
ture-type deformation. The decrease in true elonga- 
tion is much sharper for 3S than for 2S. For both 
materials the decrease in true elongation corresponds 
to the incidence of intercrystalline cracking 

Stress Dependence of Rupture Times: Results 


Table Ill. Calculated and Experimental Transition Temperatures 


tor High Purity, Coarse Grained Aluminum 


Transi- Transition 


Transi- tien Temperature (T.) 
Testing tion Creep Caleu- Experi- 
Tempera- Stress, Rate. lated mental 


ture, °F ur °K 


400 1950 0.001 460 477 
500 1400 0.03 510 533 
700 1000 17 585 644 
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Fig. 12—Log-log plot of stress vs. rupture time for high purity 
aluminum. 


similar to those shown in log-log plots of stress vs. 
minimum creep rate (Figs. 4 and 6) were obtained 
when the logarithm of the rupture time was plotted 
vs. the logarithm of the stress. Fig. 12 (high purity 
aluminum) and Fig. 13 (2S and 3S aluminum) 
show that a series of “breaks” are found for each 
material investigated. A continuous straight line 
could be drawn through the 1100°F points of Fig. 
13. The curve drawn in Fig. 13 for this temperature 
is based on the uncertainty of the last point, which 
was affected by excessive secondary recrystallization. 
The log-log plots “stress vs. minimum creep rate” 
and “stress vs. rupture time” are almost mirror 
images. This behavior can be explained by assum- 
ing that the minimum creep rate is inversely pro- 
portional to the rupture time: 
E 
M.C.R. [1] 
R.T 


where E, is a constant 

As a first approximation all the test results for 
high purity and 2S aluminum follow eq 1. In fact, 
a log-log plot of minimum creep rate vs. rupture 
time gives a band slope —1, with # reasonably lim- 
ited scatter (see Figs. 14 and 15). The high tem- 
perature points obtained for 3S aluminum deviate 
from eq 1. The different behavior of these specimens 
may be ascribed to their comparatively low ductility. 

Transition Stresses and Transition Strain Rates: 
The average values of the transition stresses and of 
the transition strain rates, as determined from the 
“breaks” in the isothermal lines of Fig. 4 (points 
A, B,C) and Fig. 6, (points D, E, F, G, M) and from 


| 
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Fig. 13—Log-log plot of stress vs. rupture time for 2S 
ond 3S aluminum. 
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the results of metallographic examinations, are 
plotted vs. the temperature in the semilog plots of 
Figs. 16 and 17, respectively. The results indicate 
that: 1—Impurities raise the transition stress for a 
given temperature. 2—Impurities lower the transi- 
tion strain rate for a given temperature. 3—The 
transition stress and strain rate have definite values 
at temperatures close to the melting point. 4—-Below 
a certain critical temperature, no transition will be 
observed within a reasonable testing time. 

The results of Fig. 16 are in good agreement with 
the results obtained by Grant and Bucklin’ for 
cobalt-base alloys, however, the present experi- 
mental results were obtained close to the melting 
point, whereas considerable extrapolation had been 
necessary in working with the complex S-590 alloy 
because creep rupture tests had to be limited to 
1800 F (melting point 2450°F). An attempt has been 


(He 


NIMUM CREEP 
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Fig. 14—Log-log plot of minimum creep rate 
vs. rupture time for high purity aluminum 


REEP RATE 


RUPTURE TIME (HRS 
Fig. 15—Log-log plot of minimum creep rate 
ys. rupture time for 2S and 3S aluminum 


made to compare the experimental results reported 
above on the transition temperature with the Mott 
theory of grain boundary slip.” According to Mott, 
viscous flow cannot occur along the grain boundaries 
below a critical temperature T,., which is defined by 
the equation: 


[2] 


where Q, b are constants associated with the viscous 
flow at the grain boundaries; o is the applied stress; 
x, the linear grain size; é, the creep rate; and R, the 
gas constant. 

Based on Ké’s work” with 99.991 pct Al, Mott 
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Fig. 16—Logarithm of transition stress vs. temperature 
for high purity, coarse grained 2S and 35 aluminum 


calculated the theoretical critical temperature for 
aluminum and obtained a value of 410°K (277°F) 
for “normal” creep testing conditions. 

The theoretical critical temperatures correspond- 
ing to the conditions of testing used in the present 
investigation have been calculated in a similar way 
The results are presented in Table III 

Eq 2 can be re-written as follows: 

0g d [3] 
where « is the transition stress, and é¢ is the transi- 
tion strain rate for the temperature T.. A and B 
are constants proper of the material is a Measure 
of the grain boundary viscosity 

Utilizing Mott's values for Q and b from eq 2 and 
expressing the stress « in psi and the creep rate ¢ in 
hr’, the constants A and B for aluminum are: 
\ 10.4 and B 7680 


was plotted vs. the reciprocal 
e 
of the absolute temperature in Fig. 18. Straight 
lines were obtained for high purity and for 2S 
aluminum, in agreement with eq 3. However, the 
calculation of the constants Q and b of eq 2 lead to 
values which deviate from the values used by Mott 
The following results were obtained 


The logarithm of 


High purity aluminum 
Q ~ 29,000 cal per gram-atom 
b 10° cgs units 
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Fig. 17—Logarithm of transition strain rate vs 
temperature for high purity, coarse grained 2S 
and 3S aluminum 
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2—2S aluminum: Q = 16,000 cal per gram-atom 
b 10°" cgs units 
3—Values used by 
Mott (based on 
data for 99.991 Q 
pet Al) b 


The results show that Mott’s theory of grain 
boundary slip can be applied to an impure solid 
solution as well as to a high purity material. The 
critical temperature, T., is markedly affected by the 
impurity content 

Temperature Dependence of Creep Rates: In the 
absence of structural instabilities, the slope of the 
straight lines obtained by plotting the logarithm of 
the stress vs. the logarithm of the minimum creep 
rate generally increases as the temperature in- 
creases. The data obtained for high purity aluminum 
(Fig. 4) indicate that this rule applies to this ma- 
terial. However, when marked grain growth oc- 
curs (at 900° and 1100°F) the slope of the lines 
decreases. 

The data of Fig. 4 for temperatures from 200° to 


35,000 cal per gram-atom 
20 cgs units 


TEMPERATURE 


Fig. 18—Logarithm of the ratio of transi- 


tron stress to transition strain rate ——— 


vs. the reciprocal of the absolute tem 
perature of testing, experimental and 

theoretical curves. 


700°F were used to determine the creep rates at 
constant stress levels. These data are not appreci- 
ably affected by grain growth. Both low tempera- 
ture and high temperature points were taken into 
consideration since the “breaks” are not sharp 
enough, in the case of high purity aluminum, to 
affect the approximate value of the temperature co- 
efficient of creep rates. 

The logarithm of the minimum creep rates is 
plotted vs. the reciprocal of the absolute tempera- 
ture in Fig. 19. Straight lines should be obtained 
for each stress level, according to Boltzmann's equa- 
tion: 

[4] 


where: r is the rate of a process; R and A are con- 
stants; Q is the temperature coefficient; and T, the 
absolute temperature 

Only two or three points appear in Fig. 19 for 
each stress level: therefore, the straight lines do not 
constitute proof of the validity of eq 4. However, 
if eq 4 is assumed to be valid, it is possible to de- 
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termine the approximate value of the temperature 
coefficient Q for several stress levels. The values so 
determined indicate that Q is a function of the stress 
according to the equation: 


Q=M+iNlogs [5] 


where: M and N are constants and s is the applied 
stress 

This is shown in graphical form in Fig. 20 where 
the logarithm of the stress was plotted vs. Q. Eq 5 
and Fig. 20 are in agreement with the results ob- 
tained by Carreker" for platinum wire. 

The linear relationship observed in the log-log 
plot of stress vs. minimum creep rate (Fig. 4) and 
the validity of eqs 4 and 5 are in agreement with 
the empirical equation: 


Log r = a + (b/T —c) (Logs + d) [6] 


where: ris the minimum creep rate; s, the stress; T, 
the absolute temperature; and a, b, c, and d, the 
constants of the material 

Eq 6 was suggested by Servi and Grant ” based on 
the analysis of the data obtained by Grant and 
Bucklin’ and of other published data. 

Fig. 20 does not indicate any sharp change of the 


TEMPERATURE (*F) 


Fig. 19—Logarithm of minimum creep 

rate at constant stress vs. the reciprocal 

of the absolute temperature for high 
purity, coarse grained aluminum 


temperature coefficient Q at the transition from low 
temperature to high temperature behavior. Such a 
negative conclusion is not absolute since the deter- 
mination of Q can be done only in an approximate 
way. 

Primary Creep: Primary creep was studied for 
coarse grained, high purity aluminum. When the 
strain was plotted vs. the cube root of the time, an 
approximately straight line was obtained during the 
first stage of creep, in good agreement with the re- 
sults obtained by Cottrell and Aytekin”™ for zinc. As 
a first approximation this result is in agreement with 
Andrade’s eq 5: 


l + e* [7] 


where: lI is the length of the specimen at time ft; 
l., a constant (not necessarily the original length of 
specimen); 8, the coefficient of primary creep; and 
k, a coefficient of steady state creep. 

The stress dependence of 8 appears to be similar 
to the stress dependence of the minimum creep rate, 
as demonstrated in Fig. 21 where the logarithm of 
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Fig. 20—Logarithm of stress vs. temperature coefficient of 
strain rate for high purity, coarse grained aluminum. 


the stress is plotted vs. the logarithm of 8 for high 
purity aluminum tested at 500°F. 

The first stage of several creep curves was re- 
plotted in other non-conventional ways. Both the 
log-log and the semilog plots of strain vs. time gave 
curves of increasing slope. These results indicate 
that the equations 

strain [8] 
and 
strain = A + B logt [9] 


do not apply to the primary creep of aluminum, at 
least in the range of temperatures and strain rates 
investigated. 

Discussion of Results 

The results of the present investigation show that 
the log-log method of plotting creep rate and rup- 
ture time data as a function of stress is the most 
suitable one for analyzing the behavior of aluminum 
alloys of different purity. The log-log method of 
plotting reveals structural instabilities, which in the 
case of aluminum are: 1—the change from low 
temperature type to high temperature type of def- 
ormation, and 2—grain growth. 

Change 1 is characterized by the beginning of 
grain boundary flow. In the case of a high purity 
material the transition from low temperature to 
high temperature deformation is revealed by a 
decrease in creep resistance (“breaks” in the log-log 
plot of stress vs. minimum creep rate), by metal- 
lographic evidence of grain boundary flow, and by 
the relative strength of coarse and fine grained 
structures. 

In the case of a more impure material the transi- 
tion also affects the type of fracture which changes 
from transcrystalline to intercrystalline. The duc- 


Fig. 21—Log-log plot of stress vs. 4, the coefficient of 
primary creep, for high purity, coarse grained aluminum 
tested at 500°C. 
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Fig. 22—Strength of the grain 

and strength of the grain 

boundory as a function of tem 

perature for high purity and 
impure metals 


tility of the material decreases as a consequence of 
intercrystalline cracking 

These conclusions are in good agreement with 
the results and conclusions obtained by Grant and 
Bucklin’ for complex cobalt-base alloys. Similat 
creep and rupture behavior, at least as far as the 
transition from low temperature to high temperature 
type of deformation is concerned, has now been 
shown to prevail for a high purity metal, two more 
impure metals, and two complex alloys 

The effect of impurities on the creep and stress 
rupture properties of metals and especially on the 
transition from low temperature to high tempera- 
ture behavior can be interpreted by modifying the 
theory of equicohesion as follows: it is assumed that 
two intersecting lines are obtained when the hypo- 
thetical “strengths” of the grain and of the grain 
boundary are plotted vs. the temperature (see Fig 
22). The difference in slope between the two lines 


is greater for an impure material (Fig. 22B) than 
for a high purity material (Fig. 22A). The high 


purity material has a wide range of temperatures 
where the strengths of the grains and cf the grain 
markedly different. For this 
reason the decrease in creep resistance observed at 
the transition from low temperature to high tem- 
perature behavior is more marked for an impure 
than for a high purity metal. For the same reason 
intercrystalline fracture is not observed in a high 
purity material tested under high 
conditions 

Moreover, local recovery and grain boundary mi- 
gration are more likely to occur in a high purity 
metal; therefore such a material can undergo a large 
amount of deformation without cracking along the 
grain boundaries 


boundaries are not 


temperature 


A more impure metal is prone to undergo inter- 
crystalline cracking when tested above the equi- 
cohesive temperature, T.. Cracking at the grain 
boundaries gives rise to stress intensification which 
affects the shape of the creep curve (see Fig. 2) 
the ductility, and the type of fracture 


Summary and Conclusions 


The results of the present investigation lead to 
the following conclusions 

1—A transition from low temperature to high 
temperature-type deformation in metals occurs 
proper conditions of testing. The faster the 
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strain rate, the higher the temperature of transition 
or the temperature at which grain boundary flow 
begins. 

2—The transition occurs at the point of change in 
slope of the straight lines which are obtained when 
the logarithm of the applied stress is plotted vs. the 
logarithm of the minimum creep rate or the loga- 
rithm of the rupture time. 

3—At the transition the type of fracture of 2S and 
3S aluminum changes from transcrystalline (duc- 
tile) to intererystalline (brittle); the ductility de- 
creases markedly. High purity aluminum does not 
show a marked change in the type of fracture 

4—tThe stress and the strain rate at which the 
transition occurs are related to the temperature as 
predicted by Mott's theory of grain boundary slip 
The constants involved in Mott's equation are af- 
fected by the purity of the material. 

5—A semilog plot of stress vs. minimum creep 
rate for high purity aluminum does not give straight 
lines if a wide range of creep rates is investigated 
These results prove that the application of Eyring’s 
theory of activated complex to the creep of metals 
as suggested by Dushman et al.' and by Kauzmann, 
is possible only within a narrow range of creep rates 
as a first approximation. 

6—The temperature coefficient, Q, of creep rates 
at constant stress follows Boltzmann's equation 

rate 
@ decreases as the stress increases 

7—Data on primary creep of aluminum are in ap- 

proximate agreement with Andrade’s equation 


where £, the coefficient of primary creep, is a func- 
tion of the applied stress 
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HE creep and stress rupture properties of three 
grades of aluminum have been reported in a 
previous paper.’ It was found that the stress co- 
efficient of the creep rate and of the rupture time 
changes at the transition from low temperature- 
type to high temperature-type deformation. The 
transition corresponds to the equicohesion for grains 
and grain boundaries. In order to support the con- 
clusions obtained from the examination of creep and 
stress rupture data, the deformed specimens were 
observed metallographically and a few special tests 
were conducted. The results of these qualitative ob- 
servations are given in the present paper 


Experimental Procedure and Results 

Table I gives the types of aluminum specimens 

The creep and stress rupture tests were conducted 
in simple tension at constant stress. Further details 
on the experimental techniques have been given. 

The test bars were electropolished in a perchloric- 
acetic mixture before testing and were observed 
after testing without any further preparation unless 
otherwise specified. Observations of specimen cross- 
sections were made after electrolytic polishing and 
etching. The samples were extended along a direc- 
tion parallel to the longer side of the micrographs 
of Figs. 12 through 27 

The log-log plots of stress vs. minimum creep rate 
for the three grades of aluminum appear in Figs. 1 
and 2. The reference numbers on each curve help 
relate the photographs to the conditions of testing, 
indicating where high temperature-type deforma- 
tion and failure prevailed and where low tempera- 
ture behavior prevailed 

Deformation of Single Crystals at Very High Tem- 
perature: An annealed, high purity aluminum speci- 
men was slighily strained at one end and re-an- 
nealed. A large single crystal was formed at the 
strained end of the specimen during re-annealing; 
the other end remained polycrystalline (see Fig. 3). 
A stress of 50 psi was applied to the cold specimen 
to avoid loading at 1100°F. The temperature was 
then raised to 1100°F, kept at 1100°F for 3 hr, and 
lowered again to room temperature. 

Fig. 4 shows the appearance of the specimen after 
testing. The single crystal deformed by gliding 
along parallel planes, while the polycrystalline part 
deformed mainly by grain boundary flow. Some 
grain growth occurred in the polycrystalline part. 

Another high purity specimen, which had two 
large single crystals at the two ends and a poly- 
crystalline zone in the middle portion, was tested 
at 1000°F under a stress of 100 psi. The appearance 
of the sample after test is shown in Fig. 5. Even 
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Structure Observations of Aluminum Deformed in Creep 
At Elevated Temperatures 


and 


Nicholas J. Grant 


HIGH PURITY ALUMINUM 
COARSE GRAIN 
—--- FINE GRAIN 


10,000 


5,000 


(Psi) 


STRESS 


T 


MINIMUM CREEP RATE (HA) 


Fig. 1—Log-log plot of stress vs. minimum creep rate for high 
purity aluminum 


though considerable slip occurred in the single 
crystals, the fracture occurred in the weaker poly- 
crystalline portion. 

Evidence of Grain Boundary Migration during 
Creep Testing: A high purity, coarse grained speci- 
men, which had a large crystal in the middle portion 
(see Fig. 6) was tested at 700°F under a constant 
stress of 175 psi for 30 hr. The appearance of the 
specimen after testing (Fig. 7) indicates that the 
large crystal deformed by gliding aleng parallel 
planes, while the rest: of the specimen deformed 
mainly by grain boundary flow. Microscopic exami- 
nation showed clear evidence of grain boundary 
flow and grain boundary migration, an example of 


Table |. Types of Aluminum Specimens Used 


Al 
Purity, Grain Size, 
Material Pet Mm Designation 
Single crystals Special specimens 
or mixed grain 
size specimens 
High purity 99.995 lto3 
High purity 995 0.05 
2s 3 
2 


High purity 99 995 


Coarse grained 
99 Fine grained 
99 0.02 to 0.03 

3s 98 0.05 to 0.4 


which is presented in Fig. 8. This micrograph can 
be interpreted as follows: 1—The original grain 
boundary was located at A. 2—Some grain boundary 
flow occurred (see displacement of the horizontal 
scratches.) 3—The grain boundary migrated to the 
position B. 

When a boundary flows, a step is formed on the 
polished surface of the specimen; the grain bound- 
ary, therefore, is revealed as a black line. The ap- 
parent “thickness” of the grain boundary depends 
on the amount of displacement, as well as on the 
relative orientation of the grain boundary with re- 
spect to the polished surface. 

A rather complex example of grain boundary flow 
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Fig. 2—Log-log plot of stress vs. minimum creep rate for 2S 
and 3S aluminum 


and grain boundary migration is presented in the 
composite photograph of Fig. 9. Partial etching re- 
vealed the final location of the grain boundaries. A 
ketch of the micrograph of Fig. 9 is shown in Fig 
10, where the final position of the grain boundaries 
is indicated by a serrated line 
It seems logical to assume that the initial struc- 
ture followed the grain boundaries marked A in 
Fig. 10 and that these boundaries migrated to the 
final positions, marked F, during the course of the 
A trace was left on the polished surface 
wherever grain boundary flow occurred. The ex- 
amination of these traces suggests that the migra- 
: tion occurred according to the sequence A-B-C-D- 
| E-F indicated in Fig. 10. However, some of the lines 
which are visible in Fig. 9 cannot be definitely iden- 
tified as traces of a grain boundary. For instance, 


creep test 


Figs. 3-7—High purity aluminum specimens. 
Fig. 4—Special specimen before testing. Electrolytic polish and 
ete 

Same as Fig. 3 after testing at 1100°F as deseribed in 
text 

Fig. +—Special specimen after testing under 100 psi at 1000°F 

Etched in hydrochloric acid after testing 
Fig. &—Special specimen before testing. Electrolytic polish 
and etch 
j—Same as Fig. 6 after testing at 700°F 
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Fig. 8—High purity aluminum. Evidence of grain boundary 
migration during creep testing. Oblique illumination. X150 


the irregular lines marked C, which appear in the 
lower part of Fig. 10, can as well be interpreted as 
deformation bands 

The grain boundaries migrate away from their 
centers of curvature during creep testing at high 
temperatures. This phenomenon is of the same type 
as the grain boundary migration which occurs when 
cold-worked aluminum is annealed at a suitable 
temperature, as described by Beck and Sperry 

Step-like grain boundaries were observed after 
creep testing in a few cases, as shown in Fig. 11. 
This unusual appearance is probably caused by the 
combination of flow and migration of two or more 
grain boundaries. 

Appearance of Deformed High Purity Aluminum 
as a Function of the Conditions of Testing: When a 
coarse grained, high purity aluminum specimen is 
tested under low temperature conditions, the grain 
boundaries resist deformation better than the grains, 
and the fracture occurs along a more or less irregu- 
lar edge. As the transition from low temperature to 
high temperature type of deformation is approached, 
the specimen deforms in a more uniform way and 
the fracture edge becomes smaller. Under high 
temperature conditions of testing, the grain bound- 
aries flow, making the grain boundaries appear 
“thick.” The specimen fails by drawing down to a 
point 

Possibly kinking or other complex types of def- 
ormation were active in all the specimens tested 


Fig. 9—High purity al Grain boundary flow and grain 
boundary migration during creep testing. Oblique illumination X150. 
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Fig. 10-—Sketch of the microstructure of Fig. 9. The direction of 
the grain boundary migration is indicated by the steps A to F. 


However, the qualitative nature of the observations 
did not permit a clear differentiation between modes 
of deformation other than grain boundary flow and 
deformation in the grains. Therefore, all the def- 
ormation bands which were observed in the grains 
have been regarded as “slip bands.” 

The appearance of the deformed surface changes 
as a function of the conditions of testing. A few 
examples are presented in Figs. 12 through 16. Fig. 
12 shows a typical “low-temperature” sample, i.e., 
the grain boundaries did not flow and the deforma- 
tion occurred in the grains by localized glide along 
slip bands. Fig. 13 indicates the behavior of the 
material when the transition is approached. The 
grain boundaries are still inactive but the deforma- 
tion of the grains is less localized. The appearance 
of a specimen tested at high temperature is shown 
in Fig. 14. There is evidence of grain boundary flow 
based on grain boundary “thickening,” the slip 
spacing is larger, and a vague cellular appearance is 
noticed in some parts of the grains. Fig. 15 shows 
a part of a grain of a specimen tested at still higher 
temperature. The slip bands are noticeably wavy 
and a substructure is quite clear. Fig. 16 shows a 
less localized type of deformation of a high tempera- 
ture specimen. Wavy slip bands and subgrains are 
visible. The appearance of fine grained specimens is 
shown in Figs. 17 through 19. 

Factors Affecting the Spacing of the Slip Bands— 
“Slipless” Flow: According to Orowan* the mini- 
mum slip band spacing is inversely proportional to 
the applied shear stress according to the equation: 

Ga 

2r 
where: d is the minimum slip spacing; G, the mod- 
ulus of rigidity; a, the interatomic spacing; and +, 
the shear stress. Since: 

G/r [2] 
where: E is the modulus of elasticity, and «, the 
tensile stress, in the case of aluminum: 

d = I/e [3] 


d 
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when d is expressed in millimeters and o@ in psi. 

The average slip spacing observed in coarse 
grained, high purity aluminum, and the average 
dimension of the “cells,” were plotted vs. the applied 
stress using log-log coordinates (Fig. 20). These 
data were obtained for samples strained from 15 to 
40 pet. Measured values of cell size might vary by 
a factor of 2 from the averages reported. 

The solid line of Fig. 20, which has slope — 1, indi- 
cates that the average slip spacing is inversely pro- 
portional to the applied stress, at least as a first 
approximation. The average slip spacing is over 50 
times larger than the minimum spacing predicted 
by Orowan’s equation and is in closer agreement 
with the experimental values obtained by Yama- 


Figs. 11-13—High purity aluminum specimens. X150. 

Fig. 11—Tested at 1100°F. Grain boundary flow and grain 
boundary migration. Oblique illumination. 

Fig. 12—Coarse grained aluminum at 200°F, 3.4 br rupture 
time (point Ne. 1 of Fig. 1). B.A. is 18 pet. 

Fig. 183—Coarse grained aluminum at 400°F, 1.54 br rupture 
time (point No. 2 of Fig. 1). R.A. is 15 pet. Oblique 
illumination. 
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Figs. 14-16—High purity, coarse grained aluminum specimens. X150 

Fig. 100°R, 850 hr rupture time (point No. 3 of Fig. 1). 

R.A. is 18 pet 
Fig. 15—At 110 br rupture time (point No. 4 of Fig. 1) 
A. is 30 pet 
Fig. 16-—At 700°R, 13.5 br rupture time (point No. 5 of Fig 
1). B.A. is pet 

guchi,’ as indicated in Fig. 20. This fact can be at 
least partially justified as follows 

1—The experimental values of this work and of 
Yamaguchi‘ are the average slip spacings after mod- 
erate strain. Orowan’s equation predicts the min- 
imum spacing that is obtained after a sufficiently 
large amount of strain 

2—The experimental values refer to spacing as 
measured on the surface of the specimen. Orowan’'s 
equation predicts the true spacing normal to the 
slip planes 

The data plotted in Fig. 20 help explain the ab- 
sence of slip bands (so-called “slipless flow’) ob- 
served in some specimens. It was found that single 
crystals deformed by glide at all temperatures. On 
the other hand, at the higher temperatures and 
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Figs. 17-19—High purity, fine grained aluminum specimens. X150. 

Fig. 17—At 500°F, 6.44 hr rupture time (point No. 6 of Fig. 

1). R.A. tis 17 pet 
Fig. IR—At 500°F, 5.43 br rupture time (point No. 7 of Fig 
1). R.A. is 15 pet. 
Fig. 19—At 500°F, 28 hr rupture time (point No. & of Fig. 1). 
R.A. is 14 pet. 
slower strain rates, fine grained specimens deformed 
by slipless flow. Although this observation was re- 
ported long ago by Hanson and Wheeler,’ it has 
never been suggested that there is an upper limit of 
grain size for “slipless flow’ to occur. Observations 
of several specimens lead to the conclusion that this 
critical grain size is less than the average slip spac- 
ing measured on coarser grained specimens for the 
same value of stress. 

For instance, Fig. 19 (at 1200 psi) shows no slip 
bands in the smaller grains, while one wavy slip 
band is present in the middle of the larger grains. 
From Fig. 20 the slip band spacing was calculated 
for the stress under which the sample of Fig. 19 was 
tested. At X150 the calculated slip band spacing is 
7.5 mm. Fig. 19 indicates that 7.5 mm at X150 is 
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the order of magnitude of the size of the smaller 
grains and is approximately the distance between 
the slip bands and the nearest grain boundaries. 
The results indicate that grain boundaries have an 
inhibiting effect on the occurrence of slip bands. 

In Fig. 15 there is observed a grain substructure 
which is delineated by the slip bands and bound- 
aries roughly 90° to the slip bands. This substructure 
may, in fact, correspond to the cell structure of 
Wood et al." 

Fig. 20 further indicates that the average dimen- 
sions of the subgrains observed in several specimens 
are of the same order of magnitude as the average 
slip spacing. The dimensions and appearance of the 
subgrains suggest that they are probably related to 
the slip system. 

Appearance of Deformed 2S and 3S Al as a Func- 
tion of the Conditions of Testing: Similar results to 
those described for the high purity aluminum were 
obtained from the observations made on 2S and 3S 
aluminum. A notable difference in deformation be- 
tween high purity aluminum and 2S or 3S aluminum 
is the absence or severe restriction of grain boundary 
migration in the latter case. For 2S or 3S aluminum, 
however, intercrystalline cracking is clearly shown 
in the specimens that were tested under high tem- 
perature conditions. Typical micrographs of the 
surface and of the longitudinal sections of several 
specimens are presented in Figs. 21 through 28. In 
Fig. 21 deformation occurred by glide in the grains. 
There are no grain boundary cracks (2S-low tem- 
perature). Fig. 22 shows evidence of grain boundary 
flow. No slip bands are apparent. The parallel 
markings in some grains are probably due to cracks 
in the oxide skin of the surface, perpendicular to 
direction of applied stress, (2S-high temperature). 
In Figs. 23 and 24, only Fig. 24, high temperature 
type behavior, shows intercrystalline cracking. Fig. 
23, low temperature type behavior, shows grain 
elongation and no grain boundary cracks. The cracks 
in Fig. 24 are widened by the electrolytic polish. In 
Figs. 25 and 26 the slip is responsible for the def- 
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Figs. 21-23—2S aluminum specimens. X150 

Fig. 21—At 500°R, 0.11 hr rupture time (point No. % of Fig. 
2). R.A. is 26 pet. 

Fig. 22—At 900°F, 41.5 hr rupture time (point No. 10 of Fig. 
2). R.A. is 31 pet. 

Fig. 23—Longitudinal section at 200°F, 0.09 hr rupture time 
(point 11 of Fig. 2). Near neck. Electrolytic polish 
and etch. Oblique illumination. 


ormation of 3S aluminum at conditions of low tem- 
perature-type behavior. At a slower strain rate, 
still at 900°F, grain boundary flow and cracks are 
evident and slip is not evident. Fig. 27, a section of 
a 3S sample tested for low temperature-type be- 
havior, shows that the grains stand a very large 
amount of strain without cracking at the grain 
boundaries at the high strain rates imposed. Near 
the fracture point recrystallization occurred, prob- 
ably after failure. Fig. 28, the fracture of a 3S 
sample (high temperature behavior), is typically 
intercrystalline. The deformation of the grains is 
limited. As for Fig. 27, this test is also at 900°F but 
at much slower strain rates. 


Summary and Conclusions 
1—The conditions of creep testing at which a 
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Figs. 24-26—2S aluminum specimens. X150 


tig. th Lengitudinal section at 900°F, 18.4 br rupture time 


point Ne. ft! of Fig. 2) Near fracture. Electrolytic 


polish and etch 
big. O01 hr rupture time ‘point No. 15 of Pig 
th. B.A. is pet 
big 58 br rupture time ‘point No. 14 of Fig 
R.A. is 5 pet 
change in slope occurs in the log-log plot of stress 
vs. minimum creep rate or stress vs. rupture time 
correspond to the beginning of grain boundary flow 
(equicohesion), but are not directly related to the 
ubsence of slip bands 
2—Grain boundary migration occurs in high 
purity aluminum tested under high temperature 
conditions. The grain boundaries move away from 
their center of curvature, as in the case of anneal- 
ing after cold working 
3—As a first approximation, for specimens de- 
formed 15 to 40 pct, the spacing of the slip bands 
observed is inversely proportional to the applied 
stress 


4—Absence of slip bands (“slipless flow”) occurs 
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Figs. 27-28—3S aluminum, longitudinal section at 900 F 
Fig. 27—0.01 br rupture time (point No. 18 of Fig. 2). Frac- 
ture point. Electrolytic polish and etch. 
Fig. [%—11.5 her rupture time (point No. 15 of Fig. 2). Frae- 

ture. Electrolytic polish and etch. X150 

when the grain size is smaller than the average slip 
spacing observed in a coarser grained specimen 
tested under the same applied stress 

5—The deformation of aluminum is less localized 
the higher the temperature, or the slower the strain 
rate. Subgrains were observed in some specimens 
tested at high temperature. The dimensions of these 
subgrains are of the same order of magnitude as the 
average slip spacing 

6—The dimension, shape and regularity of the 
subgrains observed in high purity aluminum sug- 
gest that the subgrains are related to the slip proc- 
ess or to other less known deformation processes 
such as kinking. The subgrain formation appears 
to be the effect, not the cause, of plastic deformation 

Acknowledgments 

The authors are grateful to the Bureau of Ships 
for support of this research program and permission 
to publish the results 

Thanks are extended to the Aluminum Co. of 
America for their cooperation in furnishing the 
three grades of aluminum, suggesting heat treating 
schedules, and supplying spectrographical analyses 

References 

I. S. Servi and N. J. Grant: This issue, p. 909 

P. A. Beck and P. R. Sperry: JourNnaL or METALS 
(March 1950), p. 468A 

E. Orowan: Nature (1941) 147, p. 452 

K. Yamaguchi: Sci. Papers Inst. Phys. and Chem 
Research, Tokyo (1928) 8, p. 289 

D. Hanson and M. A. Wheeler: Journal Inst. of 
Metals (1931) 45, p. 229 

G. R. Wilms and W. A. Wood: Journal Inst. of 
Metals (1949) 75, p. 693. W. A. Wood and R. F. Scrut- 
ton: Journal Inst. of Metals (1950) 77, p. 423. 


TRANSACTIONS AIME 


: 
yt 


Solubility Relationships in Some of the Ternary Systems 


Of Refractory Monocarbides 


Isothermal sections of the pseudo-ternary carbide systems TiC- 


VC-ZrC, TaC-VC-ZrC, and NbC-VC-ZrC have been examined. The 
sections contain an inverted U shaped two-phase field whose max- 
imum extent is 77 molecular pct for TiC, 64 pct for TaC, and 51 pct 
for NbC. Isoparametric lines were determined which show the curva- 
ture of the single-phase field and the direction of tie lines in the two- 
phase field. It was not possible to show any relationship between 


REVIOUS work’ on the solubility relationship of 
several pairs of refractory cubic monocarbides 
from the group TiC, ZrC, VC, NbC, and TaC has 
shown that, with the exception of the system VC- 
ZrC, they all form continuous series of solid solu- 
tions. It was demonstrated that the limited solu- 
bility in the case of VC-ZrC system was primarily a 
question of the size factor, the size difference be- 
tween vanadium and zirconium being greater than 
the limiting value of about 15 pct. 

It is interesting to consider the results of com- 
bining these isomorphous carbides in groups of three 
and to determine the isothermal section of the 
pseudo-ternary diagram at, for instance, 2000°C, a 
temperature that will assure an equilibrium struc- 
ture in a reasonable length of time. 

In the ternary systems where the three pairs form 
complete solid solution series, it is probable that 
the isothermal ternary section would be a single- 
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atom size and the extent of the two-phase field. 


Table |. Metal Atom Diameter Based on interatomic Distance in 
Pure Carbide 


Metal Diameter, A 
v 2 66 
Ti 2.82 
Ta 2.95 
Nb 2.96 
Zr 3.18 


phase field, although this is not necessarily the case. 
However, if one pair of carbides has a very limited 
solubility, then there must be a two-phase field of 
some extent, and it is the purpose of the present 
work to examine the extension of this field and to 
determine if it can be related to the nature of the 
third carbide. This condition is fulfilled if the VC- 
ZrC pair, which has only limited solubility, is com- 
bined with TiC, TaC, or NbC. 

The relative sizes of the metal atoms undoubtedly 
play a role in the extent of the single-phase field, 
and the values obtained from the pure carbides, as- 
suming close-packing between metal and carbon 
atoms and a carbon atom diameter of 1.54A, are 

J. T. Norton and A L. Mowry: Trans. AIME (1949) 185, p. 133; 
Journat or Merats (February 1949) 
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Fig. 1—Composite diagram showing the boundary of the two-phase 
field tor the pseudo-ternary systems, TiIC-VC-ZrC, TaC-VC-2ZrC, 
and NbC-VC-ZrC isothermal section at 2000 C 


given in Table Il. From these values it would be 
expected that NbC and TaC would be closely alike 
in behavior, while TiC would be somewhat different 
It is not possible however, to predict whether the 


ingle-phase field would be enlarged or reduced 


Specimen Preparation 


The alloys 


mixture of the three separate carbides 


were prepared by vacuum sintering a 


The commercial carbides used were from the sam« 
ources as described previously. They were some- 
Consequently 


what deficient in combined carbon 


the carbides were weighed out in the quantities re- 


quired and sufficient additions made ef a pure carbon 
black to give the desired proportions. Some pre- 
liminary runs were made that gave indications of 
Then the final 


compositions were prepared, not only to define the 


the extent of the two-phase field 


boundary, but also to give some information on the 
two-phase field. About 30 compositions were used 
for each ternary system 

The lots were of 10 g each and were mixed in the 
small laboratory ball mill for 4 hr, using benzine as 
About 0.5 pct of paraffin was 
After ball milling, the 
powders were dried and pressed into small cylindri- 


a dispersing agent 


added to assist in pressing 


cal slugs 

The sintering was carried out in a resistance- 
heated vacuum furnace with the specimens in 
graphite container The heating time was 12 hr at 
2000 C to insure that equilibrium was reached in the 
specimens. The furnace construction was such that 
very rapid cooling was obtained as soon as the 
power was shut off. In the first minute, the tem- 
perature dropped approximately 500°C and it is 
believed that this is sufficiently rapid cpoling to 
retain the structure, which is stable at the sintering 


temperature The temperature was controlled 
manually and was maintained to within + 20°C 
The slugs sintered into stror and fairly dense 


924—JOURNAL OF METALS, OCTOBER 195) 


bodies. They were of a clean gray metallic appear- 
ance except for the specimens high in TaC, which 
had a yellowish cast. With one exception, the speci- 
mens gave sharp X-ray diffraction lines, indicating 
that the phases in the alloys were of uniform com- 
position. The exception was a group of three speci- 
mens in the NbC-VC-ZrC system close to the 
boundary where the two phases present were not 
very different in lattice parameter and seemed to be 
much slower in reaching equilibrium 


X-ray Measurements 

Since the purpose of the investigation was to lo- 
cate the boundary of the two-phase field in the 
isothermal section, the greater part of the X-ray 
examination was done with the aid of the Norelco 
Recording X-ray spectrometer. Experiments on 
mixed samples of known composition showed that 
about 2 molecular pet of the vanadium-rich phase 
would appear as distinct lines in the presence of 98 
pet of the zirconium-rich phase. This is the most 
difficult case and proves that the method is suffi- 
ciently sensitive for the purpose. Parameter meas- 
urements of the phases were also made from the 
Norelco records with sufficient accuracy to deter- 
mine the important features of the diagrams. Where 
more precision was desired, a Phragmen focusing 
camera, covering the angular range of Bragg angles 
from 60 to 87° was employed. Copper K, radiation 
was used throughout the experiments 

The position of points on the phase boundary was 
determined by noting whether the pattern contained 
one or two phases. In the region of the boundary, 
the specimen compositions were quite close together 
and the X-ray method gave values which probably 


2 Attempts were made 


are within + 2 molecular pct 
to use a modification of the disappearing phase 
technique by measuring the ratio of the X-ray line 
intensities and extrapolating to zero, but the results 
were no more consistent or precise than the simple 
observation of the existence of one or two phases 


Fig. 2—System TiC-VC-ZrC showing the isoparametric lines. The 
figures are the lattice parameters of the phases in Angstrom units 
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when the compositions were close enough together 
At the top of the two-phase field, it is not a case of 
one phase disappearing but rather two sets of lines 
merging into one. 

If the direction of the tie lines in the two-phase 
field had been known, and series of alloys prepared 
lying on these lines, then the precise analytical 
method of the disappearing phase technique could 
be applied, but these tie lines, of course, could not 
be known in advance. 

In order to show the distortion of the parametric 
surface as the single-phase field approaches the two- 
phase boundary and to find the direction of the tie 
lines in the two-phase field, the lattice parameters of 
all of the alloys were measured. The experimental 
values showed some degree of scatter, and the 
method used was to plot the measured values along 
some composition lines of the diagram and draw a 
smooth curve through the points. The values used 
in plotting the isoparametric lines were then taken 
from these smooth curves. The results obtained in 
this way appear very consistent. 


Results 

The results of the phase boundary determinations 
are shown in Fig. 1 where the curves for the three 
systems are plotted on a single diagram. The curves 
are similar in shape and fairly symmetrical. The 
upper nose of the curve extends to 77 molecular pct 
in the case of TiC, to 64 pct for TaC, and 51 pct for 
NbC. On the basis of atom size there appears to be 
no obvious explanation for the relative positions of 
these three curves 

The isoparametric lines for the three systems are 
shown in Figs. 2, 3, and 4. They indicate the fact 
that the parametric surface of the single-phase 
region is not plane and that considerable distortion 
occurs. Compared with the plane surface to be ex- 
pected from the simple rule of mixtures, the true 
surface is elevated above this plane as it approaches 
the boundary of the two-phase field. The greatest 
distortion is shown in the TiC-VC-ZrC system, es- 
pecially on the low VC side. In this narrow strip, 


Fig. 3—System NbC-VC-ZrC showing the isoparametric lines. The 
figures are the lattice parameters of the phases in Angstrom units. 
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Fig. 4—System TaC-VC-ZrC showing the isoparametric lines. The 
figures are the lattice parameters of the phases in Angstrom units 


the surface is actually rising when the VC content is 
increasing, while on the rule of mixture basis it 
would be falling. 

The isoparametric lines in the two-phase fields are 
actually tie lines, since each point on the phase 
boundary corresponds to a definite lattice constant 
Since the lines are plotted for specific values of the 
lattice constant, it would not be expected that the 
lines for the two phases would coincide, but obvi- 
ously tie lines cannot cross and their trend should 
be such as to approach the horizontal at the base, 
that is, the VC-ZrC binary. The experimental results 
show this trend in the slope in a very definite fashion 
In the systems containing TaC and NbC, the slope is 
downward toward the VC corner while in the TiC 
system, the slope is toward the ZrC corner. 

The positions of the tie lines on the pseudo-ternary 
diagrams are important because they indicate the 
directions of the reactions occurring and the phases 
that will exist together in equilibrium when sintered 
bodies are made with these carbide combinations. 

Unfortunately it does not appear possible to relate 
the curvature of the single-phase parametric surface 
or the direction of the tie lines to the properties of 
the metal atoms involved. In this respect tantalum 
and niobium resemble one another in behavior more 
than either resembles titanium. But there is no clear 
relationship to either atom size or chemical nature. 
The marked departure of the lattice constants from 
conditions to be expected from the rule of mixtures 
suggests that an examination of some of the pseudo 
ternaries where the three carbides form completely 
soluble binaries would be of interest. There is a real 
possibility that a two-phase field would be found. 
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High Temperature Oxidation of 
Copper-Palladium and Copper-Platinum Alloys 


Oxidation rate constants were determined for Cu-Pd and 


Cu-Pt alloys as a function of alloy composition and tempera- 
ture. Reaction products were identified. Relationship between 
oxidation rate constants and diffusion constants in the reaction 


HE mechanism of oxidation of alloys is consider- 
ably more complex and not so well understood 

as that of pure metals. The oxidation of a one-phase 
binary alloy of which one component is a noble 
metal should logically be the simplest case of alloy 
oxidation, for in this case one is concerned presum- 
ably only with the oxidation of the base metal and 
the diffusion process by which it reaches the reaction 
site. This had led a number of investigators to study 
such systems. Probably the earliest work was that 
of Tammann and Rienacker’ on the tarnishing of 
Cu-Au alloys at temperatures up to 300°C. These 
alloys oxidize according to the logarithmic law, that 
is, the film thickness is proportional to the logarithm 
of the time. The rate of film formation was found to 
decrease with increasing gold content. Raub and 
Engel’ investigated the oxidation of Au-Cu, Cu-Pd, 
Au-Ag-Cu, Au-Pd-Cu, and Ag-Pd-Cu alloys at 
750 C in air. These alloy systems form a continuous 
series of solid solutions at the temperature of oxida- 
tion with the exception of those containing silver 
Au-Cu alloys oxidize parabolically, the rate con- 
stant decreasing slowly with increasing gold content 
up to about 15 atomic pet* Au, and more rapidly 
thereafter. An alloy with 14 pet Cu forms only a 
very thin layer of CuO on the surface and probably 
also a subscale.* Alloys containing more than 14 pct 
Cu have scales consisting of CuO and subscales of 
Cu.O embedded in nearly pure gold. The Cu-Pd 
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zones is discussed. 


alloys obey the parabolic law except for slight de- 
viations for alloys containing 53 and 84 pct Cu. The 
overall oxidation rate decreases rather smoothly 
with increasing palladium content. A scale consist- 
ing of a thin layer of CuO and a thick layer of Cu.O 
and a subscale of Cu.O embedded in nearly pure 
palladium was observed for alloys containing 84, 53, 
and 30 pet Cu. An alloy with 19 pet Cu formed only 
a subscale of CuO embedded in nearly pure palla- 
dium, and an 8 pct Cu alloy formed only a thin film 
which was presumed to be PdO. The ternary alloys 
considered by Raub and Engel oxidized in much the 
same way as did the binaries. 

Wagner and Grunewald’ found that Ni-Au alloys, 
oxidized at 900°C in oxygen, formed a scale of NiO 
and a subscale containing NiO and gold. The overall 
oxidation rate increases with increasing gold con- 
tent, passes through a maximum and then decreases 
to zero for pure gold. The fact that gold increases 
the oxidation rate was attributed to “pores” in the 
scale. 

Kubaschewski' investigated the air oxidation of 
alloys of platinum or gold with up to 10 pct Cu or 
Ni at temperatures in the range 300° to 1550°C 
Parabolic behavior was noted for all alloys except 
Au-Ni, with rates decreasing in the order Au-Cu, 
Au-Ni, Pt-Ni, Pt-Cu. The diffusion coefficients for 
the latter three systems are known, and they de- 
crease in the same order. However, activation ener- 
gies for the oxidation of these alloys do not agree 
with the activation energies for diffusion in the re- 
spective alloy systems. 

Kubaschewski and Goldbeck’ investigated the oxi- 
dation of Ni-Pt alloys in air at temperatures of 600 

* All subsequent percentage compositions are given in terms of 
atomic percent 
he term subscale or zone of internal oxidation here refers to 
4 reaction zone containing two phases, one of which is an oxide 


the other metal, situated between the innermost external scale layer 
ind the unoxidized metal 
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to 1350°C. As was pointed out in a discussion of 
their paper, the correct interpretation of their data 
is that the overall rate constant decreases gradually 
with increasing platinum content. Their data are not 
sufficiently precise to test the validity of Wagner's 
theory of the oxidation of noble metal-base metal 
alloys." 

A study of these publications shows that a subscale 
is formed under the scale of the base metal, and that 
the addition of a noble metal to a base metal never 
results in a disproportionate improvement in the 
oxidation resistance of the alloy. 

Heretofore only overall weight gains have been 
employed to describe the extent of oxidation, and 
no quantitative measurements were made on the 
rates of growth of the individual reaction layers. 
The role of diffusion in the metal phase and in the 
oxide phase has not been quantitatively demon- 
strated for the oxidation of alloys containing noble 
metals. The present work was undertaken to clarify 
these points. 

Experimental Procedure 

Alloy samples were made from 0.040 to 0.050 in. 
sheet which was rolled from small vacuum induc- 
tion melted ingots. Materials used were special 
carbon-reduced copper obtained from Westinghouse 
Electric Corp. and c.p. grades of palladium and plat- 
inum. The alloy compositions used are listed in 
Tables I and V. Prior to oxidation, the surfaces of 
each specimen were polished metallographically, and 
degreased in alcohol or acetone. Oxidation was car- 
ried out in vertical tube furnaces equipped with 
gasketed pyrex tubes mounted above the furnaces 
in such a way that the specimen could be lowered 
from the pyrex tube into the furnace, or raised from 
the furnace into the pyrex tube, without admitting 
air to the system. Oxygen was admitted to the sys- 
tem at a pressure slightly in excess of atmospheric 
pressure through suitable tubulation. Specimens 
were suspended in the system by means of a plat- 
inum wire or a quartz fiber. The specimens were 
oxidized for various times at temperatures of 850 
925. and 1000°C. The alloy systems investigated 
form a continuous series of solid solutions at these 
temperatures. The specimens were weighed before 
and after oxidation. After oxidation the samples 
were electroplated with a thick layer of copper and 
sectioned perpendicular to the surface. The cut sur- 
face was then polished metallographicaily and the 
scale and subscale thicknesses measured from a 
negative metallographic plate, the electroplated cop- 
per serving to delineate sharply the outer scale sur- 
face. Because of irregularities in the scale and sub- 
scale thickness, it was necessary to compute averages 
from measurements obtained at regular intervals 
determined by placing a grid of 10 or 15 lines under 
the negative. Thus the overall weight gain as well 
as the scale and subscale thickness was determined. 

The scale structure was determined by a com- 
bination of optical and X-ray diffraction observa- 
tions. Cuprous oxide, viewed under the microscope 
by reflected light, appears blue-gray, and cupric 
oxide also appears blue-gray, but with a slight pink 
tinge. Under polarized dark field illumination cuprous 
oxide appears red and cupric oxide appears nearly 
black. This permitted the identification of the scale 
structure for most of the alloys. However, it was 
found that with increasing palladium content cuprous 
oxide appeared progressively darker under polarized 
light, so that it was sometimes difficult to discrim- 
inate between cuprous and cupric oxide visually. 
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Accordingly, samples containing 50 to 85 pet Pd and 
oxidized at temperatures of 850° and 1000°C were 
scraped clean of their oxide in order to obtain a 
powder sample of the scale for analysis by X-ray 
diffraction using standard techniques. This method 
of removing the scale yielded a sample which in- 
cluded the scale and also a part of the subscale. Such 
samples were exposed in a cylindrical powder 
camera using cobalt radiation with an iron filter. 
The identity of lines on the film was established by 
direct comparison with standards run in the same 
camera. The information so obtained permitted a 
more definitive visual re-examination of the speci- 
mens under the microscope, so that it was possible 
to identify the oxides of the scale and subscale. 

In order to determine the composition of the metal 
at the scale/subscale interface, the scale was re- 
moved in a 10 pet KCN solution from 35 pet Pd 
alloy samples oxidized at 850° and 1000°C for vari- 
ous times. The descaled samples as well as standard 
samples were placed in a_back-reflection Laue 
camera, with the scale/subscale interface perpen- 
dicular to the incident beam. The palladium content 
at the scale/subscale interface was then determined 
from the precision lattice parameters so determined. 

The alloy composition in equilibrium with cuprous 
oxide was determined for the Cu-Pd system. An 
alloy containing 8.45 pet Pd was selected because 
the subscale in a fully oxidized specimen of this 
composition consists of particles of Pd-rich alloy 
embedded in cuprous oxide, thus making possible a 
clean separation of phases. Samples of this alloy 
were oxidized in oxygen at temperatures of 850°, 
925°, and 1000°C for times equal to two or three 
times those required to oxidize the samples to the 
core, but not long enough to cause an appreciable 
amount of cupric oxide to grow. Each specimen was 
powdered and the oxide dissolved in a solution of 
KCN in glycerine, leaving the Pd-rich particles as 
a residue. Chemical analyses were then made on this 
residue. 

In order to find out whether a subscale could be 
produced in Cu-Pd alloys in the absence of an ex- 
ternal scale, specimens containing 8.45 and 37.5 pct 
Pd were packed in a closed pipe with a mixture of 
copper and cuprous oxide powders and heated for 
18 hr at 860°C. 

Qualitative chemical analyses were made on scales 
flaked or abraded from several alloys in order to 
determine the palladium content of the oxide. One 
Ni-15 pet Pt alloy was oxidized under the same con- 
ditions described above. It was desired only to dis- 
cover whether a subscale would be formed. 

Scale Structure 

Cu-Pd Alloys: All of the Cu-Pd alloys investi- 

gated formed a scale and a subscale upon oxidation, 


Table |. Scale Structures Formed on Cu-Pd Alloys 


Pa Temperature 
Content, of 
Atomic Oxidation, Sub- Seale 
Pet °c seale (Outer/Inner) 
5.19 
15.13 
29.65 850 to 1000) *a@ + thin) 
37.50 
51.45 1000 a+ CuO CuO CuO 
850 to 925 a+CuO CuO 
69.92 850 to 1000 a+CuO CuO PdO, or CuO PdO. CuO 
86.50 850 to 1000 a+PdO PdO 
95.14 850 to 1000 4 PdO film 


*a designates the palladium-rich solid solutior 
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5.19% 200X 


200X 


5145% 200X 


with the exception of the 95.14 pet Pd alloy, which 
formed only a thin film of oxide on the surface No 
ubseale is formed in pure copper. The scale and 
subscale structures as revealed by visual and X-ray 
diffraction methods are shown in Table I. It will be 
noted that the alloys containing less than 50 pet Pd 
form a subscale of a Cu.O and a Cu.0O scale layer 
with a very thin outer layer of CuO. The scale 
formed on the 51.45 pet Pd alloy oxidized at 1000°C, 
however, is about '4 CuO and *4 Cu.O. No CuO is 
found on this alloy when oxidized at 850° or 925°C 
At 69.92 pet Pd, CuO appears in the subscale and 
PdO appears in the scale. Whether PdO appears as 
a distinct layer or as a mixture with CuO in the 
cale formed on this alloy could not be determined 
Only PdO was found in the scale and subscale of 
the 86.5 and 95.14 pct alloys 

It was noted in the X-ray diffraction patterns of 
the scales removed from the alloys that the Cu,O 
lines and CuO lines shifted slightly in the 
direction corresponding to increasing lattice para- 


were 


Fig. 3—Micrograph of Cu-37.50 
pct Pd alloy oxidized for 8 hr 
at 1000°C 


Fig. 2—Micrograph of Cu-51.45 
pct Pd alloy oxidized at 1000 C 
for 2 hr 


precipitation of 
shown at 


Preferential 
CaO particles is Spherical voids are shown in 


the CaO scale. Voids appear 


grain boundaries in the sub 
scale Nete how general pre- as interference figures (four 
cipitation lags behind grain leaf clovers). Polarized light. 
beundary precipitation Un- dark field. rh) 
etched. 
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Fig. 1—Cu-Pd alloys ox 

idized in O. at 925°C for 

2 hr. Atomic pet Pd indi 
cated 


meter relative to the lines obtained on the pure sub- 
stances. 

Alloy samples containing 8.45 and 37.5 pct Pd 
heated in a closed container with copper and cuprous 
oxide powders did not form a zone of internal oxi- 
dation. 

Chemical analysis of the scale from a 5 pet Pd 
alloy oxidized at 925°C indicated <0.001 pet Pd, and 
that removed from a 37.5 pct Pd alloy was found 
to contain a trace of palladium. Further evidence of 
palladium in solid solution in the cuprous oxide was 
afforded by the fact that the characteristic red color 
of cuprous oxide when viewed under polarized light 
became darker with increasing palladium content 
of the alloy. This effect was also observed in the 
Cu-Pt alloys, but was less pronounced. 

The Pd-rich particles which had been separated 
from specimens oxidized for time periods in excess 
of those required for complete oxidation to Cu.O 
were found to have the compositions listed in Table 
II. The compositions given are those in equilibrium 
with Cu.O ana oxygen at the indicated tempera- 
ture. 

The composition of the alloy phase in the subscale 
at the scale/subscale interface as measured by X-ray 
determination of lattice parameters is shown in 
Table III. Because the metal phase is saturated with 


Table ti. Alloy Compositions in Equilibrium with CuO 


Palladium 
Content, Pet 


Oxidizing 
Temperature, °C 


850 66.0 
925 68.7 
1000 68.9 


Table 111. Alloy Composition at the Scale/Subscale interface 
Initial Alloy Composition: 37.5 Pct Pd 


Interface Compe- 
sition, Pet Pd 


Time of 
Oxidation, Hr 


Temperature of 
Oxidation, °C 


850 2 64.6 
850 4.6 68.8 
1000 2 68.5 
1000 » 73.3 
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Fig. 5 (right) —Ni-15 
atomic pct Pt alloy ox- 
idized in O.. X200. 


oxygen the values shown are probably higher than 
the true values. It will be noted that the composi- 
tion of the alloy phase of the subscale at the sub- 
scale/scale interface appears to be dependent upon 
time. These data cannot be considered conclusive, 
however, since the depth of penetration of X-rays 
into the subscale layer yields an average composi- 
tion of the concentration gradient to this depth. 
Since the gradient is steeper for short oxidation 
times, a smaller apparent palladium content would 
be anticipated. 

Cu-Pt Alloys: The Cu-Pt alloys investigated (0 
to 25 pct Pt) all exhibited a scale of Cu.,O with a 
very thin layer of CuO on the outer side. A subscale 
was also observed in all samples and consisted of 
Cu.O distributed in a matrix of Pt-rich alloy. It was 
observed that, in contrast to the Cu-Pd alloys, the 
Cu.O in the scale and subscale darkened oniy slightly 
with increasing concentration of noble metal in the 
alloy when viewed under polarized light. 

Ni-15 Pct Pt Alloy: A scale of NiO was observed 
to form on the Ni-15 pet Pt alloy. There was also 
formed a subscale consisting of NiO particles em- 
bedded in Pt-rich alloy. This fact has not been re- 


Table 1V. Rate Constants for the Oxidation of Cu-Pd Alloys 


Oxygen pressure: | atm 
Ke, K Kn 
Composition, T, Cm Cm per 
Atomic Pct °c per Sec per Sec Cm'-See 


1000 2.15x10 8.20x10 
925 705x10° 0 2.90x10 
850 267x10-° 0 1.10x10 
Cu-5.19° Pd 1000 39x10 3.20x10-* 6.18x10-* 
925 396x10°* 1.02x10-"  2.51x10 
850 1.18x10-* 1.44x10-° 9.91x10 
Cu-15.13% Pd 1000 710x110" 5.30x10-" 3.90x10 
925 2.12x10* 1.54x10-° 1.51x10 
850 8.85x10 8.34x10-" 6.70x10 
Cu-29.65% Pd 1000 =2.61x10-* 5.93x10-* 1.78x10-* 
925 8.05x10-" 1.21x10° 6.25x10-* 
850 3.02x10-" 4.58x10-* 2.38x10- 
Cu-37.50 Pd 1000 880x110" 7.49x10-* 8.51x10-* 
925 2.64x10 1.56x10-* 2.29x10- 
850 9.55x10 5.91x10-" 
Cu-51.45% Pd 1000 =1.03x10 1 x10 2.58x10-* 
925 1.9@x10 1.35x10-* 5.38x10-* 
850 7.65x10 4.16x10-" 2.31x10~ 
Cu-69.92% Pd 1000 8.15x10 1.39x10-* 8.75x10-* 


925 4.31x10 191x10-" 2.02x10 

850 2.15x10'™" 8.69x10 7.29x10 
Cu-86.50% Pd 1000 5.90x10 3.19x10-*) 

925 2.33x10-'* 7.50x10-' 2.46x10 

850 1.61x10-" 6.25x10 8.68x10-* 
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Fig. 4 (left) —Cu-Pt alloys 
oxidized in O, at 925°C 
for 2 hr. Atomic pct Pt 
indicated. X200. 


1000°C 
8 HRS. 


SUBSCALE 


ported in previous work on the oxidation of Ni-Pt 
alloys. 
Morphology of Scale and Subscale 

Cu-Pd Alloys: As will be seen subsequently, the 
external scale thickness increases with increasing 
temperature and decreases with increasing noble 
metal content for a given time of oxidation. The ex- 
tent of the subscale increases with temperature and 
passes through a maximum as the palladium con- 
tent increases. The micrographs in Fig. 1 show the 
structures resulting from oxidation at 925°C for 2 hr 
as a function of palladium content. 

Subscale: As may be seen in Fig. 1, the particle 
size of the subscale oxide decreases from massive 
in the Cu-rich alloys to very fine in the Pd-rich 
alloys. The particle size of the subscale oxide in- 
creases with the temperature of oxidation. Within a 
given subscale, larger particles are found near the 
subscale/alloy interface. 

The metal phase of the subscale is continuous in 
all of the alloys except the 5.19 pet Pd alloy and 
possibly the 15.13 pct Pd alloy. The relative amount 
of metal phase in the subscale increases with in- 
creasing palladium content, increasing temperature, 
and distance from the scale/subscale interface. 
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Fig. 6—Square of the scale and subscale thickness vs. time for 
Cu-15.13 atomic pet Pd alloy oxidized in O.. 
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oxide particles than those near the subscale/alloy 
ve0e" ¢ oss“ eso°c interface, suggesting that the formation of grain 
boundary oxide results from the formation of a few 
f ° nuclei which grow in the grain boundary until they 
impinge 
at " There is a tendency for plate-like oxide particles 
5 to be thicker when oriented parallel to the speci- 
. : men surface. This is most pronounced in the Pd-rich 
cu alloys. 
0 st fe Scale: The grain size of the external scale is in 
913 general of the same order of magnitude as the scale 
ones thickness. No systematic measurements were made, 
however. When a CuO layer of appreciable thick- 
3750 
SUBSCALE 
< 10 
45 ? ooorc 
. SUBSCALE 
~ 
\ 
@650 e 
2 
928°C 
75 0 80 0.90 
1000 w 
10 
~ . 
Fig. 7—Temperature dependence of the parabolic rate “s » 
constant based on scale thickness for the oxidation of o Scace 
Cu-Pd alloys. Atomic pct Pd indicated cu,o 
SUBSCALE 
rhere is a definite tendency for the subscale oxide 0 h 
to precipitate at grain boundaries, becoming more 3 easorc 
pronounced with increasing palladium content. The a 
grain boundary effect is typified in Fig. 2. The grain x f . \ 
boundaries near the scale/subscale interface are not =a ae 
isually as well defined by oxide particles as those 10 sd Ky 
SCALE 
near the subscale/alloy interface. This suggests that cue . 
there is a considerable amount of rearrangement of “6 
the oxide particles which formed early 
It will be noted in Fig. 2 that grain boundaries 2 
nearer the scale/subscale interface contain more ~ ¢@ 20 40 60 480 100 
‘ ATOM % PO 
Fig. 9—Parabolic rate constants *, and *. as a function of 
alloy composition. Cu-Pd allovs oxidized in O.,, | atm pressure 
ness is formed, the surface of the oxide takes on a 
rough grained appearance 
An increasing number of spherical voids in the 
Cu.O scale was observed with increasing palladium 
‘ 2 3 content and with increasing temperature. The num- 
ian <a ber of voids varied from a few to 5 or 6 per field at 
>. 3780 500X. The maximum number was found in the 37.5 
_—" pet Pd alloy. Above this palladium content no voids 
= > were found. Fig. 3 shows voids in the scale formed 
° on a 37.5 pet Pd alloy 
Cu-Pt Alloys: The microstructures shown in Fig. 
x 4 for the oxidation of Cu-Pt alloys at 925°C for 2 hr 
are typical of those found at the other temperatures. 
#6 s0 The same tendencies noted for the particle size 


of the subscale oxide in the Cu-Pd alloys were noted 

for the Cu-Pt alloys. In general the particle size was 

finer in the subscale of the Cu-Pt alloys. The metal 

phase is continuous in the subscale of all the Cu-Pt 
a) alloys investigated, and the tendency for grain boun- 
dary precipitation is more pronounced in the Cu-Pt 
system than in the Cu-Pd system at comparable 
noble metal concentration 
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Fig. 8—Temperature dependence of the parabolic rate constant 


tor subscale thickness tor Cu-Pd alloys. Atomic pct Pd indicated The morphological features of the scales formed 
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on Cu-Pt alloys are similar to those formed on Cu-Pd 
alloys. 

Ni-15 Pct Pt Alloy: The scale and subscale were 
quite irregular in thickness. The particle size of the 
NiO in the subscale was relatively fine and increased 
with increasing temperature of oxidation. Fig. 5 
shows that there is no tendency toward grain boun- 
dary precipitation in the subscale and that the metal 
phase is continuous. 

Kinetics 

The parabolic law was found to describe the ox- 
idation of most of the alloys investigated. Since the 
thickness of the scale and subscale as well as the 
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Fig. 10—Temperature dependence of the parabolic rate 
constant based on scale thickness for the oxidation of Cu-Pt 
alloys. Atomic pct Pt indicrted. 


overall weight gain was observed, the data were 
treated using the following equations: 


am K,,t [1] 
E K,t [2] 
Ss K.t [3] 


where Am is the weight gain in mg per cm’; E, the 
external scale thickness in cm; S, the subscale thick- 
ness in cm; t, the time in sec; and K, the respective 
parabolic rate constant. 

Cu-Pd Alloys: Typical curves showing the square 
of the external scale thickness and the square of the 
subscale thickness plotted against time are shown 
in Fig. 6. From such curves the parabolic rate con- 
stants were calculated for the scale, the subscale, 
and the gross weight gain. These are given in Table 
IV and need no comment other than to point out the 
anomalous behavior of the 86.5 pct Pd alloy oxidized 
at 1000°C. It was found that some specimens of this 
alloy formed a film while others formed a scale. No 
correlation of this behavior could be made with 
minor variations in the experimental conditions. 


CM SEC 


0.80 


Fig. 11—Temperoture dependence of the parabolic rate constant 
for subscale thickness for Cu-Pt alloys. Atomic pct Pt indicated. 


The temperature dependence of the rate con- 
stants, K, and K,, is shown in Figs. 7 and 8 wherein 
the logarithms of the respective rate constants have 
been plotted against the reciprocal of the absolute 
temperature. It is to be noted that a straight line 
results only for K, for pure copper and for the 69.9 
pet Pd alloy. Thus in most cases the activation 
energy increases with increasing temperature. The 
temperature dependence of K,, is similar to that for 
Ke. 
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“ATOM % PT on PD 
Fig. 12—Porabolic rate constants «, and *. as functions of alloy 
composition. Cu-Pt alloys oxidized in O., | atm pressure. «, for 
Cu-Pd alloys is shown for comparison. 
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Fig. 13—Temperature dependence of the para- 
bolic rate constants ond for the 
oxidation of Ni-15 atomic pet Pt alloys 


The dependence of K, and K, upon the palladium 
content is illustrated in Fig. 9, in which the rate 
constants are plotted on a log scale for convenience 
It is seen that log K, decreases linearly with in- 
creasing palladium content up to about 25 pct Pd 
Subsequently, log K, begins to drop off more rapidly 
until there is only CuO in the external scale, at 
which juncture an inflection occurs (40 to 50 pct 
Pd). With further increase in palladium content, 
the rate at which log K, drops off appears to de- 
crease until PdO appears as the external scale at a 
palladium content between 70 and 85 pet. With the 
onset of the PdO scale, log K, undergoes a rather 


PO 


Fig. 14—Isothermal section of the Cu-Pd-O equilibrium diagram 
Distorted scale 
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sharp decrease. The behavior is essentially the same 
at the three temperatures investigated. 

The shape of the curve of log Ks vs. palladium 
content varies considerably with temperature, with 
maxima occurring at 50 pet Pd at 1000°C, 15 to 20 
pet Pd at 925°C, and 5 pct Pd at 850°C. The maxima 
occur in the concentration range in which the sub- 
scale oxide is Cu.O and the external scale is largely 
Cu,O 

Cu-Pt Alloys: The rate constants, K,, Ks, and K,,, 
for the Cu-Pt alloys are listed in Table V. In some 
instances deviations from parabolic behavior were 
found after 6 hr. In such cases the rate constant was 
calculated from the data up to 6 hr oxidation time. 

The temperature dependence of Ky, and Ky is 
shown in Figs. 10 and 11, respectively. The activa- 
tion energy for K, and K, is seen to increase with 
temperature. A similar temperature dependence for 
K,, was found 

The effect of platinum content upon K, and K, is 
shown in Fig. 12. Log K, decreases with increasing 
palladium content in a complex way. The corre- 
sponding curves for Cu-Pd alloys are also indicated 
in Fig. 11, and it is seen that K, is greater for the 
Cu-Pd alloys than for Cu-Pt alloys at the same 
temperature and composition. 

The log Ky, vs. platinum curve passes through a 
broad maximum at about 14 pct Pt, which does not 
depend upon the temperature. 

Ni-15 Pct Pt Alloy: The data for weight gain, 
scale thickness, and subscale thickness showed a 
great deal of scatter. It was therefore necessary to 
assume parabolic behavior and to calculate the rate 
constants giving the best fit. K,, Ks, and K,, are 
listed in Table V. The K, values for pure nickel in 
Table V are calculated from the K,, values given by 
Kubaschewski and Goldbeck.” In view of the scat- 
tering of the present data and that of the Kuba- 
schewski and Goldbeck data, no statement can be 
made concerning the effect of platinum on the rate 
constants 

The effect of temperature upon K, and K, is 
shown in Fig. 13. The activation energy for K, is 
29,900 cal per mol and for K, is 66,400 cal per mol 


Discussion of Results 

Scale Structure: It is of interest to consider the 
several sequences of phases observed for the oxida- 
tion of Cu-Pd a'loys in relation to the ternary 
equilibrium diagram involving copper, palladium, 
and oxygen. Such a treatment for the internal 
oxidation of the a solid solutions of copper has been 
discussed in detail by Rhines.’ Fig. 14 is a schematic 
representation of an isothermal section of the Cu- 
Pd-O system in which the extent of solid solubility 
has been exaggerated for clarity. One and two- 
phase fields in the diagram correspond to one and 
two-phase layers in the oxidized specimen, while 
three-phase fields in the diagram correspond to in- 
terfaces in the specimen. Reference to Table I shows 
that five distinct modes of oxidation were observed 
for the Cu-Pd alloys. The locus of compositions is 
shown schematically in Fig. 14 for each of these 
modes. Consider case A, which represents the al- 
loys containing up to 37.5 pet Pd. The initial copper 
concentration is C,, and, as one passes toward the 
outer side of the specimen, the copper concentration 
decreases until a value C, is reached at the alloy/ 
subscale interface. Upon traversing the subscale re- 
gion, the locus of average compositions in the sub- 
scale is indicated by the line connecting C, and Cu,O. 
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The composition of alloy and oxide at a given posi- 
tion in the subscale is given by the ends of the tie 
line passing through the average composition at 
this position. Thus, at the subscale/scale interface 
the alloy composition is given by C, and the oxide 
composition by C,. Upon passing through the Cu,O 
scale the copper concentration will decrease from 
C, to C,. From C, the locus of compositions passes 
through the Cu,O + CuO field. This structure, how- 
ever, was not found, which may mean simply that 
this reaction layer was too thin to resolve. The re- 
lationship of the above composition loci to the 
kinetics involved may be seen by comparison with 
Fig. 18. The above reasoning may be applied to the 
other modes of oxidation indicated by B, C, D, and 
E, in Fig. 14. Mode A is to be considered typical also 
for the Cu-Pt alloys studied. 

It was shown that palladium or platinum is taken 
into solid solution in cuprous oxide. This fact ap- 
pears to be the crux of the subscale question. The 
effect of palladium or platinum addition to cuprous 
oxide is to increase the partial pressure of oxygen in 
equilibrium with the oxide, in view of the fact that 
alloys packed in Cu,O powder do not form subscales 
while the same alloys do form a subscale under a 
Cu,.O scale containing a small amount of noble 
metal. It is seen in Fig. 15 that at the scale/subscale 
interface the palladium (or platinum) content in the 
metal phase is higher than at any other place. Hence 
the oxide in contact with this metal phase must have 
more palladium (or platinum) in solid solution, and 
consequently a higher partial pressure of oxygen, 
P..’. However, at the alloy/subscale interface the 
palladium concentration is less than at the scale/ 
subscale interface, and the pressure of oxygen at 
the alloy/subscale interface is thus smaller than Po,’. 
The difference, Po," P..‘, represents the driving 
force for diffusion of oxygen across the subscale. 
The composition of the oxide in the subscale is a 
function of the distance from the scale/subscale 
interface, being higher in palladium at the scale/ 
subscale interface. These relationships can be seen 
by considering the tie lines in the a + Cu.O field in 
Fig. 14. It is apparent then that if Cu.O could not 
take palladium into solution, there could be no 
gradient of oxygen pressure across the two-phase 
field, hence no subscale. This may be general for 
the oxidation of binary alloys with one noble com- 
ponent. 

Morphology: The formation of the subscale may 
properly be thought of as a nucleation and growth 
process taking place isothermally under the influ- 
ence of diffusion currents. The number of nuclei for 
the subscale oxide should depend largely upon the 
concentration of oxygen in the metal phase, since 
there is always a relatively abundant supply of cop- 
per atoms. It is to be expected that the solubility of 
oxygen should increase with increasing noble metal 
content, so that there should be a greater number of 
oxygen atoms available to form nuclei, hence a 
larger number of particles and a smaller particle 
size. 

The grain boundary preference is probably pri- 
marily a result of preferential nucleation of the 
oxide precipitate at the grain boundaries, rather 
than higher rates of diffusion in the grain bound- 


t For details on the derivation of the kinetic equations order 
Document 3336 from American Documentation Institute, 1719 N 
Street, N.W., Washington 6, D.C., remitting $1.00 for microfilm 
‘images 1 in. high on standard 35 mm motion picture film) or $1.00 
for photocopies (6x8 in.) readable without optical aid 
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Fig. 15--Schematic representation of the partial pressure 
of oxygen as a function of distance, Cu-Pd alloys. 


aries, since the effect of temperature is opposite to 
that expected in the latter case. 

The presence of voids in the Cu.O scale may be 
tentatively explained in the following way. Copper 
can diffuse toward the scale through the metal and 
the oxide phases of the subscale, while the noble 
metal can diffuse in the opposite direction only 
through the metal phase. Thus in the metal phase 
of the subscale there is an unequal transport of 
copper and noble metal, which is believed to be 
possible only if a stream of lattice vacancies flows 
in the direction opposite to that of the most rapidly 
diffusing component, here the noble metal. The 
vacancies, having passed through the subscale may 
then enter the scale, and there collect to form voids. 

Kinetics: In considering the treatment of the 
kinetic data it is appropriate to inquire into the 
possibility of the application of Wagner’s analysis, 
since it would presumably be applicable if the 
amount of oxygen in the subscale were negligible 
compared to the total amount involved in the oxida- 
tion process. The fraction of oxide in the external 
scale, a, is given by: 


| 
We [4] 


where o is a constant calculated from densities and 
molecular weights. Values of a are shown in Figs. 
16 and 17, where it may be seen that the relative 
amount of oxygen involved in the subscale increases 
with increasing noble metal content, and may reach 


a value of 2/3; i.e) a 0.33. Evidently the relative , 


amount of oxygen in the subscale is not negligibly 
small, and Wagner's analysis cannot be applied, at 
least not in its entirety. 

Kinetic equations for the growth of scale and sub- 
scale were derived on the basis of the model shown 
in Fig. 18.4 Copper diffuses from the alloy to the 


Table V. Rate Constants for the Oxidation at Cu-Pt and Ni-Pt 


Alloys 
Atmosphere: O, at | atm pressure 
Km, 
Composition, Ke, Ks, Mg® per 
Atomic Pet per See per Sec Cm'-See 
Cu-6.38%Pt 1000 1.22x10 °° 1.51x10-* 6.90x10-* 
925° 3.68x10-* 4.31x10-" 1.90x10-* 
850° 1.55x10-* 2.08x10-" 8.90x10-* 
Cu-13.78 Pt 1000 3.43x10-* 1.53x10-* 1.74x10-* 
925 1.25x10-* 4.76x10-" 5.73x10~ 
850° 6.25x10-* 2.50x10-" 3.61x10- 
Cu-25.65°— Pt 1000° 1.02x10-* 1.33x10-* 6.78x10-* 
$25° 4.65x10-" 4.61x10-" 2.60x10-* 
850° 2.50x10-" 2.08x10-" 1.81x10-* 
Ni-15%Pt 1000 2.68x10 3.78x10-" 6.40x10-— 
925 1.53x10 7.47x10-" 2.08x10-* 
850 5.84x10 1.39x10-' 8.61x10— 
Ni (ave) 1000 2.60x10 6.61x10-* 
(Kubaschewski 925 0.825x10 2.10x10-* 
and Goldbeck) 850 2.48x10-"! 6.3x10 


* Negative deviation from parabolic behavior after 6 hr 
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eons subscale are linear, that the subscale oxide particles 
> offer no barrier to diffusion, and that both scale and 
oe subscale grow parabolically according to eqs 2 and 3 
a santuina The concentrations C,, C., C,, C,, C,, and C, are as- 
, sumed independent of time for a given alloy and a 
06 se given set of environmental conditions. A deriva- 
tion based on Fick's law leads to the following equa- 
eg tions 
4 
38 D (C, — C,) 
28 925°C K, [5] 
aC C.)D Cc 8 
3° ‘ \K 2 
2D(C, —C,) 
o2 K,(C, — C,) 
© 10 
: = 8\K, + \K. [7] 
where D is the diffusion coefficient for copper ions 
ied in Cu.O; Dy, the diffusion coefficient for copper in 
the alloy: D., the diffusion coefficient for oxygen in 
, the metal phase of the subscale: « 2 atomic wt of 
o2 — copper divided by atomic wt of oxygen; 4 o 
2W.. divided by eo: Wes, in which ¢ is the density 


Fig. 16—Relative amount of oxygen in the external scale, 
Cu-Pd alloys 


alloy/subseale interface at which point the concen- 
tration is C,. From the alloy/subscale interface to 
the subscale/scale interface, copper diffuses in the 
metal phase of the subscale as a result of the con- 


centration gradient (C C.)/S. Diffusion of cop- 
per in the external scale results from the concentra- 
tion gradient (C C,)/E. Reaction with oxygen 


takes place at the scale/oxygen interface, the thin 
layer of CuO being neglected. The subscale forms 
as a result of the inward diffusion of oxygen along 
the gradient (C C.)/S, the oxygen having orig- 
inated by dissociation of Cu.O at the scale/subscale 
interface. It is convenient to use the initial gas 
metal interface as the origin of the distance co- 
ordinate. Thus is the thickness of metal oxidized 
to Cu.O and p is the distance of the subscale/alloy 
interface from the initial surface. Although the 
model chosen involves the oxide Cu.O, it is obvious 
that the result can be generalized. It is assumed 
that the concentration gradients in the scale and 


1000* C 
oe 
* or 
zie 
os 
on 
3 925°C 
os 
or 
2 
= os 
850°C 
o8 


Pr 


Fig. 17—Relative amount of oxygen in the 
external scale, Cu-Pt alloys 
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in g per cu cm and W, formula weight; and ~ is de- 


fined by: p yt. The concentration terms are as 


Calculated Values of the Parabolic Rate Constant, K,, 
for Cu-Pd Alloys 


Table VI 


xt > Cm per See 
Composition, 
Atomic 
Pet Pa 
Cale Exp Cale Exp Cale Exp 
5.19 15.0 13.9 44 3.96 1.3 1.18 
15.13 78 7.10 24 2.12 1.0 0.885 
29.65 3.3 261 22 0.805 0.31 0.302 
17.50 0.84 0.88 055 0.264 0.11 0.0995 


indicated in Fig. 18. Eq. 6 is subject to the restric- 


tion that is large, otherwise the last term be- 


2D 
comes more complex. If the concentration terms and 
diffusion coefficients were known it would be possi- 
ble to solve eqs 5, 6, and 7 simultaneously for K, 
and K.. However, since some of the constants are 
not known it is necessary to treat eqs 5 and 6 sepa- 
rately. Since eq 5 is a quadratic in \ K, if Ky is 
taken as a known constant, it is possible to substi- 
tute values of the various terms as follows: The 
values of C, and D, are taken as the values for pure 
copper given by Rhines and Mathewson” and as- 
sumed independent of the alloy composition; C, was 
assumed to be zero. C. was measured for one alloy 
and calculated as a function of alloy composition 
independent equation which is due to 


1- 
K, 
[7] 
1 
where K, is the parabolic rate constant for un- 
alloyed copper; C,, the mol fraction of the alloy 
phase in equilibrium with the oxide phase and an 

external oxygen pressure P. 

The values of C. obtained from this equation are 
shown in Fig. 19. The quantity D(C, — C,) was cal- 
culated assuming that the quantity (C C,) is pro- 


using an 
Wagner 
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portional to (C.— C,) and that D is independent of 
the composition of the oxide. The term K, was taken 
as a known constant, using the experimental values. 
The value of K, so calculated from eq 5 are given in 
Table VI together with the experimental values. The 
agreement is quite good. While it is recognized that 
this agreement is in part due to the fact that ex- 
perimental values of K, and values of C. calculated 
from K, and K, by means of an independent equa- 
tion were employed, it is evident that eq 5 is valid. 
The relative magnitude of the various terms in eq 5 
is such that the rate constant for the external scale 
is largely dependent upon diffusion of copper in the 
alloy. The fact that D, does not appear explicitly 
in eq 5 is not significant, since its effect is exerted 
through the choice of C, and K.x. 

Eq 6 cannot be treated in the same way as eq 5 
since the quantity C, is not known. Under the cir- 
cumstances all that can be done is to insert experi- 
mental values of x and K,, calculate C,, and judge 
whether the result is reasonable. The quantity 
D(C C,) was calculated as for eq 5, and values of 
D, were taken from the work of Thomas and Birch- 
enall’ as follows: 1.7x10°" cm’ per sec at 1000°C, 
5.8x10 " em’ per sec at 925°C, and 1.73x10" cm* per 


Table Vil. Calculated Values of the Copper Concentration at the 
Alloy /Subscale Interface 


Ci, Cs, Cr 
c Mol Tempera- Mol Mol Mol 
Fraction ture, Fraction Fraction Fraction 
Cu Cu Ce cu 
0.95 1000 0.58 0.61 0.31 
0.85 1000 0.65 0.42 0.31 
0.70 1000 0.57 0.35 0.31 
0.63 1000 0.57 0.32 0.31 
0.95 925 061 0.55 0.31 
0.85 925 0.65 041 0.31 
0.70 925 0.33 0.40 0.31 
0.63 925 0.47 0.33 0.31 
0.95 850 0.74 0.51 0.34 
0.85 850 0.64 0.46 0.34 
0.70 850 0.57 0.37 0.34 


063 850 0.54 0.35 0.34 


sec at 850°C, for mol fraction copper equal to 0.32 
The calculated values of C, are shown in Table VII 
in which it is seen that, with but two exceptions, the 
calculated values of C, lie between C, and C, as they 
should. Furthermore, the metal at the alloy subscale 
interface in ail specimens was observed to have no 
trace of copper color, hence C, must be less than 0.80 
mol fraction copper. The calculated values of C, are 
less than this value. Eq 6 is presumed to be essen- 
tially correct inasmuch as it yields reasonable values 
of C,. 

It is appropriate to point out that the copper con- 
centration gradient in the subscale is probably the 
limiting factor for the growth of the external scale, 
since S is generally comparatively large. If, as has 
been assumed, the subscale thickness is mainly de- 
termined by the amount of oxygen diffused from the 
scale/subscale interface, then the copper concentra- 
tion gradient across the subscale is dependent upon 
it, and likewise the growth of the external scale. 
Thus the rate of growth of the external scale is 
limited more by the small copper concentration 
gradient in the subscale than by the copper concen- 
tration in the unoxidized alloy 

Eqs 5 and 6 have been applied above to the alloys 
which form Cu.O in the scale and subscale. These 
equations could also be applied to the case in which 
the scale and subscale oxide are CuO. In this case 
the dependence of K, upon the alloy composition 
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Fig. 18—Concentration gradients arising during the oxidation of a 
base metal-noble metal alloy as typified by the Cu-Pd alloys. 


would be expected to be similar to that for the case 
in which only Cu.O occurs. This is verified in Fig. 9. 
The transition from Cu.O to CuO in the scale and 
subscale with increasing palladium content (de- 
creasing C,) is pictured as follows. For the alloys 
high in copper, the stationary copper concentration 
C, at the scale/subscale interface is maintained at a 
value greater than the equilibrium value, C,. As C, 
decreases, a place is reached where diffusion of cop- 
per to the scale/subscale interface can no longer 
maintain C. greater than C,. Then the scale becomes 
CuO, and C, is less than C,, but greater than C,’, 
where C,’ is the copper concentration in equilibrium 
with CuO. When C, is only slightly less than C,, 
and C, is greater than C,, the external scale would 
be CuO and the subscale oxide Cu.O. This is the 
transition case between the first case in which only 
Cu.O is found and the second case in which only 
CuO is found. As C, is further decreased, a point 
will be reached where C, can no longer be main- 
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Fig. 19—Stationary Cu concentration at the scale/subscale inter 
face, calculated. Cu-Pd alloys with CuO scale. Experimental 
points represented by © 
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tained at a value greater than C,’. At this point the 
oxide (probably containing considerable copper) 
appt ars 

It is believed that the kinetic equations could be 
applied to other binary solid solution systems in 
which the affinity of the solvent toward oxygen is 
much greater than that of the solute. In this con- 
nection it is noted that platinum is more noble than 
palladium, and yet no fundamental difference is 
found between the oxidation of their alloys with 
copper. As a matter of fact, palladium appears to 
deviate sufficiently from nobility that the oxidation 
of Cu-Pd alloys may be considered as a connecting 
link between the ideal base metal-noble metal case 
and the base metal-base metal case of alloy oxida- 
tion 

The effect of the diffusion coefficient in the alloy 
upon the oxidation rate is shown by comparing the 
oxidation rates and diffusion rates for Cu-Pd and 
Cu-Pt alloys. This cannot be discussed quantita- 
tively on the basis of eqs 5 and 6 since, in passing 
from one system to the other, the concentration 
terms for copper and oxygen, and the diffusion co- 
efficient for oxygen in the metal change. Diffusion 
coefficients for the Cu-Pt system extrapolated from 
the data of Kubaschewski and Ebert” are from 0.03 
to 0.05 times the corresponding values for the Cu-Pd 
alloys. It is to be expected then that the copper 
corcentration C,, C,, and C,, would be smaller for 
the Cu-Pt alloys. This would, of course, result in a 
smaller rate of delivery of copper to the scale 
oxygen interface, hence a smaller value of K,. That 
this is the 

The temperature dependence of the rate constants 
K, and K, is generally not of the Arrhenius type 
There is no reason to expect an Arrhenius type de- 
pendence, because of the fact that the concentration 
terms in eqs 5 and 6 do not follow such a tempera- 
ture dependence 

Wagner's theory for the oxidation of binary alloys 
containing one noble metal results in two equations, 
one of which (eq 7) has been used successfully here 
This equation does not involve the diffusion co- 
efficient for the alloy. The other equation involves 
the diffusion coefficient in the alloy and disregards 
subscale formation. The latter equation does not 
fit the experimental data 


case may be seen in Fig. 12 


Conclusions 


1—The oxidation of Cu-Pd and Cu-Pt alloys has 
been studied as a function of composition and tem- 
perature from the standpoint of the kinetics of 
scale and subscale growth and the structure and 
morphology of the reaction products. Under the 
conditions.of the experiments a subscale is always 
formed beneath the external scale. Rate constants 
for the external scale thickness decrease regularly 
with increasing noble metal content in the alloy 
Rate constants for the subscale thickness 
through a maximum which occurs at higher noble 
metal content the higher the temperature of oxida- 
tion for the Cu-Pd system, and which is independent 
of temperature for the Cu-Pt system. The rate con- 
stants generally do not follow a temperature de- 
pendence of the Arrhenius type 


pass 


2—The scale and subscale structure has been dis- 
cussed in terms of a necessarily schematic equilib- 
rium diagram for the two metals and oxygen 

3—The morphological features of the scale and 
subscale have been discussed. Chief among these is 
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the preferential precipitation of oxide at grain 
boundaries in the subscale. 

4—In addition to previously published’ criteria for 
subscale formation the further criterion that noble 
metal must go into solid solution in the base metal 
oxide must be considered in order to explain the 
formation of a subscale in alloys with noble metals. 

5—Kinetic equations for the rate constants for the 
scale and subscale involving concentrations of the 
various diffusing elements and diffusion coefficients 
for the base metal and oxygen in the alloy, and the 
base metal in the oxide have been derived 

6—Calculations based on the kinetic equation for 
the external scale agree with the experimental data 
Calculations based on the kinetic equation for the 
subscale yield reasonable results, but this equation 
must be considered less firmly established than that 
for the external scale. 

7—The rate constant for the external scale is pri- 
marily governed by diffusion of the base metal 
through the subscale zone. The rate constant for the 
external scale and the diffusion coefficient in the 
metal phase are smaller for the Cu-Pt alloys than 
for the corresponding Cu-Pd alloys. 

8—The rate constant for the subscale is largely 
determined by the inward diffusion of oxygen to 
the subscale/alloy interface. 

9—The kinetic equations are believed to be ap- 
plicable to the oxidation of solid solution alloys of a 
base metal and a metal considerably more noble 

10—One of the equations of Wagner appears to be 
applicable to the present case; the other leads to re- 
sults not in agreement with experimental measure- 
ments. 

11—A subscale was observed to form in a Ni-Pt 
alloy, but is less extensive than that found in the 
Cu-Pd and Cu-Pt alloys. 
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Plasticity of Molybdenum Single Crystals 
by N. K. Chen and R. Maddin 


In the extension of molybdenum single crystals at room temperature, 
the slip planes were found to be of the type {110}; the slip direction 


<111>. Theories of plasticity of body-centered cubic metals have been 
examined, and an explanation based upon planes of highest atomic density 
seems plausible to explain the plastic behavior of molybdenum single 


N body-centered cubic metals, slip has been re- 
ported to occur on several planes; these are of the 
type {110}, {112}, and {123}. Andrade has corre- 
lated’ the operative slip planes in body-centered 
cubic metals with the testing temperature relative 
to the melting point. In this correlation, if T is the 
absolute temperature at which slip takes place and 
Tm the absolute melting point, then the acting slip 
planes in body-centered cubic metals may be ar- 
ranged as shown in Table I. However, deviations 
from this correlation have been reported in iron 
and iron-silicon alloys’ and also in molybdenum de- 
formed at a temperature around 2400°C.* 

In the case of iron and other body-centered cubic 
metals or alloys in which all three slip planes have 
been reported to be active at any one temperature, 
the crystallographic mechanism of slip is not well 
understood. Numerous investigators in this field 
have assumed that the resolved shear stress is a 
deciding factor Such consideratiéns were given by 
Gough in his experiments with repeated torsion of 
iron single crystals‘ and recently by Opinsky and 
Smoluchowski in their study of iron-silicon alloys, 
and will be dealt with later in this report. 

A third possibility is that slip lines in body- 
centered cubic metals may be formed by alternate 
slip on nonparallel {110} planes and not by slip on 
any plane of higher indices. This was advanced by 
Elam in the case of 8 brass.” Since {110} planes are 
planes of highest atomic density in the body- 
centered cubic structure, this hypothesis would be in 
accordance with the plastic behavior of metals in 
other systems, namely, face-centered cubic and 
hexagonal close-packed. Experimental evidence in 
support of this hypothesis is lacking. Nevertheless 
the work of Barrett, Ansel, and Mehl’ has definitely 
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crystals. 


Table |. Arrangement of Acting Slip Planes in Body-Centered 
Cubic Metals 


Metals T/Tm Slip Plane 
W. Mo, Na 0.08-0.24 {112} 
Mo, Na, 8 brass 0.26-0.50 (110) 
Na, K 0.80 {123} 


demonstrated that the slip resistance on {110} planes 
in iron is very much smaller compared with that on 
{112} and {123} planes. 

In the present investigation, molybdenum single 
crystals were carefully documented as to the opera- 
tive slip planes and lattice reorientations after plas- 
tic extension at room temperature. In three crystals 
studied, {110} planes were found to be active in- 
variab'y rather than the {112} planes, which were 
previously reported for molybdenum at this tem- 
perature’ and predicted by Andrade’s theory.’ 

In two other cases {112} and {123} planes seemed 
to operate together with {110} planes as active slip 
planes. However, it is believed, after careful analysis 
of crystallite and lattice rotations, that slip on {112} 
and {123} planes may be spurious. Particular ref- 
erence will be made to the formation of asterism, 
lattice rotation, and crystallite rotation in an attempt 
to show that slip apparently observed on {112} and 
{123} planes is actually slip on nonparallel (110} 
planes. 

Materials and Treatment 

Sintered molybdenum rods "x in. in diam, obtained 
from the Fansteel Metallurgical Co., were reported 
to have a purity of 99.9 pct.* One specimen, Mo-13, 
44 in. in diam, was supplied by Westinghouse Elec- 
tric Corp. 

Single crystals were prepared, using the tech- 
nique devised by Chen, Maddin, and Pond.” Mo-13 
was \%4 in. in diam x 7 in. long with a reduced gage 
section of 0.200 in. in diam x 3 in. long. The center of 


* C 0.001 + 0.001 pet (as-received) 
C 0.003 + 0.001 pct single crystal ‘Battelle Memorial Institute) 
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Fig. 1—Orientations of 

mous MQ TT crystals investigated 

ME 

4. The orientations of Me- 
4 18 and M-I5 after the 
y a F first and second exten 
“g sion, and of M-6 after 
2 y the first. second, third 


fourth, and fifth exten- 
sion are included 


the gage section contained a single crystal 14 in. in 
length. All other specimens, M-6, M-15, M-25, and 
M-12, were 's in. in diam x 7 in. long, with single 
crystals approximately 2 to 3 in. in length occupying 
the entire center sections of each specimen. All 
pecimens were electrolytically polished, using an 
electrolyte of 300 cc methyl alcohol, 60 cc H.SO,, 130 
ce HCl, and a current density of 4 amperes per sq In 
The specimens were pulled in a Tinius-Olsen beam- 
tvpe testing machine using SR-4 type A-8 strain 
gages and strain indicator. Load values were esti- 
mated to within 1 lb. The orientation of each speci- 
men was determined before and after each extension 
by using an X-ray back-reflection Laue method 


Determination of Slip Elements 

The orientations of all the crystals are shown in 
Fig. | in a standard cubic stereographic projection 
The movements of the stress axes for Mo-13, M-6 
and M-15 after various extensions, are indicated by 
the shift in the stress axis to position |, 2, ete., re- 
spectively. The axis shift clearly shows a rotation 
toward the direction [111], which is the slip direc- 
tion in these three crystals. It was noted that both 


M-6 and M-15 rotated toward the [111] direction 
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Fig. 3—Projection showing orientation of Mo- 13 
Specimen axis SA, horizontal. SP and SD represent the ob 
served slip plane and slip direction, | to 2 represent the 1° 

planes 
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a Before extension b— After extension to vield 


Fig. 2—Laue back-reflection photograms, Mo-13 


even when the symmetry curve, represented by the 
line joining (001) and (011), was reached by the 
stress axes. This may be due to an insufficient 
amount of slip on the conjugate slip plane, (101), 
so that the path of stress-axis rotation did not re- 
vert toward the direction [111]. Microscopic ex- 
amination showed that the second slip system, (101) 
was not prominent even at the end of the fourth ex- 
tension of M-6 and the last extension of M-15 (cf 
Fig. 5b and c) 

Crystals M-25 and M-12 behaved differently from 
those me. tioned above. Their behaviors will be 
analyzed separately in the following sections 

At the early stage of deformation, the slip lines 
were quite straight and uniformly dispersed, though 
very faint, resembling striations. An alteration of 
the Laue spots, indicating the initial stage of “aster- 
ism.” was invariably observed in all specimens when 
they were extended to just beyond their yield. A 
set of typical photograms from Mo-13 before and 
after extension is shown in Fig. 2a and b. Slip lines 
were very difficult to observe at the vield because of 
the fineness of the lines, whereas a decided change 
in the Laue reflection could easily be noted (cf. Fig 
2b). In correlating slip traces measured on the 
metallograph with the orientation determined from 
X-ray. the orientation of the specimens after de- 
formation was always used 


~ 


< x 


POLE OF 
ONJUGATE’ SLIP PL 


Fig. 4—Determination of the pole of the slip traces, M 6 
Stress axis SA, at the center of projection, and X-ray beam 
containing the reference mark RM is perpendicular to stress 
axis P. is the initial orientation Errors measured from 


(101) pole to each individual determination is @° to 6° 
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Fig. 5—Slip lines in crystal M-6. Stress axis vertical. X250 


a (upper left)—After the first extension. b, ¢ (upper center, 


per right), d. ¢, f (middle left, center, right), and g¢ (lower 


left)—After the fourth extension at different positions around 


the periphery of the crystal. 


It was found in three specimens, Mo-13, M-6, and 
M-15, that the (101) plane, the plane of highest re- 
solved shear stress, was responsible for the observed 
slip markings, rather than any of the {112} planes 
as previously reported.’ This was carefully checked 
and can be illustrated with the aid of Fig. 3 (speci- 
men Mo-13), which shows, in projection, one plane 
of observation in which all 12 possible {112} planes 


Table Il. Angles of {112} Planes in the Plane of Observation 
Angle, Degrees 


Positive Negative 
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are marked. If the angle which the slip line makes 
with the stress axis, in the counterclockwise sense, is 
considered positive, the angles which the 12 {112} 
planes make in the plane of observation are shown 
in Table II. 

It can be seen that 10 one of the 12 {112} planes 
gives an angle for slip marking in the observed 
direction within 20° of the measured slip line angle 
(51° positive). Similar analyses were carried out in 
other planes of observation and the (101) plane 
was invariably obtained as the active plane of slip. 

In the case of M-6, measurements were made at 
each 15° around the specimen axis on the metallo- 
graph. An indicator was attached to the specimen 
along a reference mark that was also used for the 
orientation determination by X-rays. The angle of 
rotation was measured on a protractor attached to 
the stage of the metallograph as given by the indi- 
cator. The angle between the specimen axis and the 
slip marking was measured on the metallograph at a 
magnification of X250. Thus, by plotting stereo- 


Fig. 6—Laue photogram 
of crystal M-6 after the 
fourth extension. 
X-ray beam perpendicu- 
lar te plane containing 


specimen axis and minor 
elliptical axis. 
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Fig. 7—Stereographic plot of asterism shown in Fig. 6 


graphically the pole representing the slip traces on 
each plane of observation, the position of the pole 
of the slip plane could be directly located at the 
intersections. For M-6, it was a small region, again 
clustered around the (101) pole, which is predicted 
as the plane having the highest resolved shear stress, 
Fig. 4. Fig. 5a to g represents the appearance of slip 
markings at different positions around the crystal 
It should be noted that lines at the head of the glide 
ellipse are wavy in character, but those at a position 
approximately parallel to the slip direction are fairly 
straight. Conjugate slip lines could be witnessed in 
ome areas as shown in Fig. 5b and c. They were 
determined to be (101) planes 

To check the crystallographic location of slip 
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Fig. 8—Projection of M-12 showing the pole of observed slip traces, 
the axes of rotation determined from asterism, and the stress axis 
movement 


planes in M-6, an X-ray photogram was taken with 
the beam adjusted perpendicular to the plane con- 
taining the specimen axis and the minor elliptical 
axis. Fig. 6 indicates such a photogram having pro- 
nounced asterism. On plotting stereographically 
(Fig. 7), it is clearly seen that (101) plane should 
be the operative slip plane and [111] the slip direc- 
tion, in order to account for the crystallite rotations 
occurring about the observed axis [121], which is in 
the slip plane and 90° from the slip direction. This 
type of crystallite rotation has been reported in the 
deformation of many metal single crystals.” 

The pole of observed slip traces in M-12, as 


Fig. 9—Slip lines in M-12 after ex- 
tension to shear failure 


a. b. ¢ (upper left, upper right, lower 
left)—X500. do (lewer right)—X2000. 
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determined by the optical method after the first 
extension, was very close to (112) as shown in Fig. 
8. After the second extension, the specimen failed 
in a ductile manner, and the stress axis moved to the 
position 2 toward the [111] direction. The traces 
of a second system, which could be viewed only at 
a few locations, when plotted stereographically, ap- 
peared to be due to slip on the (011) plane. The 
participation of this plane was very slight and was 
difficult to observe. Representative micrographs of 
the slip lines are shown in Fig. 9a to d. 

The observed location of slip traces shown in Fig. 
8 after the first extension was checked by the X-ray 
method and analyzed according to the same tech- 
nique used in Fig. 7. However, as indicated in Fig. 8, 
the expected axis of rotation in the plane (112) and 
90° from the slip direction C was not observed. In- 
stead, there appeared a well-defined axis of rotation 
which could be described only if the slip plane was 
(011) and the slip direction [111], I-C in Fig. 8. This 
result appears more rigorous when the asterism in 
Fig. 10b is plotted stereographically. (Fig. 10a shows 
the initial orientation.) Careful examination in- 
dicated that the main asterism (Fig. 10b) in the 
approximately horizontal direction could be viewed 
as composed of at least two parts as shown enlarged 
in Fig. 10c. They seemed to represent rotations 


a—Before extension. b—After the first extension 


ec Enlargement of Laue spots in b. 

Fig. 10—Laue photograms of M-12. 
about I-C and III-C, respectively (Fig. 8). Thus it 
is quite probable that the slip traces observed ap- 
parently on (112) planes were in reality slip on two 
{110} planes with a common slip direction. 

The results for specimen M-25 are shown in Fig. 
11. Here, again, the slip traces observed on the 
metallograph are shown plotted stereographically as 
areas in Fig. 11 clustering in the vicinity of the (123) 
pole. In addition, an area as determined from a 
second set of slip traces is shown clustering near the 
(011) pole. Based upon the slip traces as determined 
from metallographic observation, it would be said 
that the specimen had slipped on (011) and (123) 
{and/or (112)] planes. However, lattice and crys- 
tallite rotations shown in the photograms of Fig. 12a 
and b indicate, when plotted stereographically, that 
the planes of slip are actually (011) and (011); the 
slip systems being I-C and II-A respectively in Fig. 


t This indicates that the asterism is crystallographic in nature and 
represents a true account of plasticity in the specimen 
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Fig. 11—Projection of M-25 showing the pole of the observed slip 
traces, the axis of rotation determined from asterism, and the stress 
movement. 


11. It is difficult to explain the movement of the 
stress axis P, to P,, if slip had occurred only on 
(123) [111] (and/or (112) [111]). If, however, slip 
had occurred on systems I-C and II-A, as indicated, 
the movement P, to P, could be rationalized by re- 
solving it into two components moving towards A 
and C respectively. 

In order to check carefully whether the asterism 
from which the crystallite rotations were determined 
was characteristic of the entire specimen or was in- 
dicative only of localized areas, a series of X-ray 
photograms was made at various positions along the 
specimen axis and around the periphery of the 
crystal. It was found that the asterism characteris- 
tic of one position was the same when a photogram 
was made 180° opposite to the first position.t In 
addition to the asterisms from which were de- 
termined the slip systems I-A and II-C, a third type 
was observed in a photogram which was taken 63 
in azimuth from the reference mark (Fig. 12b). In 
anjattempt to check the crystallite rotation at this 
position with the rotations previously determined, it 
was noted that the pronounced asterism in this 
position could only be accounted for by a rotation 
about the pole of the slip plane I (Fig. 13). From 
this it must be realized that a number of photograms 
must be made around the periphery of the speci- 
men in order to detect the different lattice rotations 
involved in the deformation of the specimen. This 
is so, because at certain positions the distortions of 
the Laue spots indicative of different types of rota- 
tion may be superimposed on each other. Conse- 


a—Plotted in Fig. 11. b—Plotted in Fig. 1% 


Fig. 12—Laue photograms taken at different positions 
around M-25 after extension 
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Fig. 13—Plot of asterism shown in Fig. 12b 


quently, the analysis at these positions becomes 
difficult 

At the head of the glide ellipse, the wavy charac- 
ter of the slip traces could be resolved into a series 
of saw-toothed markings. At a position away from 
the head, slip lines appeared to be clustered. The 
general direction of the cluster was used for the 
determination of the slip plane (see Fig. 11) How- 
ever, when the fine lines of the cluster were plotted 
they proved to be near a (011) pole 


Stress-Strain Data 
No attempt has been made to resolve the critical 


‘ 
COC MORO. HOMES 


Fig. }4a—Stress-strain curves for M-6 after the first, 
second, and third extension 
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shear stress, since, in specimens Mo-13, M-6, and 
M-15, the plane acting was the one of highest re- 
solved shear stress, i.e. (101) [111]; but in speci- 
mens M-12 and M-25, there was more than one 
system acting. The stress-strain curves for the first, 
second, and third extensions are shown in Fig. l4a 
The modulus of elasticity, E, was determined to be 
about 20x10" psi for these curves. A plot of stress 
at yield vs. elongation is shown in Fig. 14b. 

Specimen M-12 failed during the second extension 
with a typical ductile fracture as may be seen 
in Fig. 15a and b. The elongation at fracture was 
about 65 pct 

Discussion 

In view of the results reported herein, it is difficult 
to explain the behavior of molybdenum single crys- 
tals on the basis of Andrade’s theory. His theory 
would predict that slip in molybdenum at room 
temperature would occur on (112; planes. Although 
Tsien and Chow’ reported slip in molybdenum single 
crystals at room temperature on the (112! planes, 
only one crystal was investigated; whereas in the 
present work five specimens are shown to slip on 
{110}. Moreover, more than one method was used 
to determine the slip elements in the present work 
It is realized that the work of Tsien and Chow in- 
volved the extension of molybdenum single crystals 
0.25 mm in diam, whereas the present work used 'x 
and ', in. specimens. It may be that the disagree- 
ment between their work and the present work is 
due to the difference of specimen size. It is contem- 
plated to investigate molybdenum single crystals of 
very small size in the near future 

A number of investigators’ ‘ have attempted to ex- 
plain the activity of the slip elements on the basis 
of systems of highest resolved shear stress. For ex- 
ample, Opinsky and Smoluchowski have computed 
mathematically the areas for systems, {110}, (112), 


| 


PER CENT ELONGATION-TWO INCH GAUGE LENGTH 


Fig. 14b—Stress at yield vs. elongation 
(strain-hardening curve! . 
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and (123; in the direction 111», which have the 
highest resolved shear stress. In Fig. 16 there is 


shown a stereographic projection containing the 


areas of highest resolved shear stress with reference 
to the three types of planes reported to be active in 
the plasticity of body-centered cubic metals all in 
the <111> direction. This plot was determined by 
measuring the 7 and A values, where 7 is the angle 
between the slip plane and stress axis and A is the 
angle between the slip direction and stress axis, fo 
94 different orientations covering the unit triangle 
The plot is essentially in agreement with that pro- 
duced by Opinsky and Smoluchowski. The Wulff net 
used here had an accuracy of '4 °, and, thus, the 
boundaries shown in Fig. 16 are within an accuracy 
of 42°. It may be seen from Fig. 1, that specimen 
Mo-13 falls within the area devoted entirely to (312) 
slip, yet the observed slip plane was conclusively 
(101). In the specimens M-12 and M-25 the (101), 
the plane of highest resolved shear stress, was not 
observed. 

M-15 should slip on both (101) and (213), yet 
slip was found to occur only on (101). Furthermore 
using the data on silicon-ferrite obtained by Opin- 
sky and Smoluchowski,’ it may be seen, Fig. 17, that 
there are many cases of disagreement with the pre- 
dicted slip plane based upon highest resolved sheat 
stress. This, of course, may be explained on the 
basis that the slip resistance on the three planes is 
not equal, as stated by Opinsky and Smoluchowski 


Fig. 15—Two views of shear failure in M-12. X2 


If, however, their explanation is valid, it must take 
into account the behavior of M-25 and M-12 

In the case of M-25, observation of the slip traces 
appeared to indicate that slip had occurred on the 
planes (123) [111] and (011) [111]. The resolved 
shear stress on both these systems was calculated, 
(123) [111] 
(O11) [111] 
Again for M-12, the observation of slip traces ap- 
peared to indicate that slip had occurred on the 
plane (112) [111] and (011) [111]. The resolved 
shear stress on both these systems was calculated, 
(112) [111] 
(O11) [111] 
However, the participation of the plane (011) in 
both crystals appeared to be very slight, and the 


and the ratio of these stresses is 1.07. 


and the ratio of these stresses is 1.06. 


plane (101) is not observed. For a valid comparison, 
(123) [111] 

the ratio would have to be measured, 

(O11) [111] 
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Fig. 16—Areas of highest resolved shear stress in the body-cen 
tered cubic lattice considering {110}, {112}, and {123} planes in 
direction < 111 


(112) [111] 


(O11) [111] 
have to be measured, rather than the ratio 


(112) [111] 


(101) [111] 
Consequently, it would seem very difficult to docu- 
ment the activity of two types of planes, unless they 
are the correct ones and are operating simultane- 
ously at the yield of the specimen with no lattice 
rotations involved. 

A possible explanation for the wperating slip 
systems rnay be based upon a consideration of the 
plane of the highest : tomic density. It is to be noted 
that in face-centered cubic and hexagonal close- 
packed metals, the plane of maximum atomic den- 
sity is always the one to operate. In the body- 
centered cubic metals, the plane of highest atomic 
density is {110} and of successively decreasing 
atomic density, {001}, {112}, {111}, and {123}. Since 
the direction <111> is seldom in question as the 


for the case of M-25 the ratio would 


, as shown in Fig. 1 for this boundary. 


ero 
@ 10,123 
0123 

@ 23,2 


Fig. 17—Plot of data from Opinsky and 
Smoluchowski’ within areas of highest re- 
solved sheor stress. 
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slip direction, the {001} and {111} planes can be dis- 
counted, since they do not contain this direction 

In the present investigation, the highest atomic 
density theory can be used conclusively to explain 
the behavior of Mo-13, M-6, and M-15, although 
there may be some doubt for M-12 and M-25 if only 
the optical data are considered. However, a number 
of pertinent facts must be considered before slip 
can be said to have occurred on low atomic density 
planes. For example, when the pole of the slip 
plane is obtained by the intersection of only two 
traces, there can be no scatter to the observed pole, 
despite the fact that the slip traces in body-centered 
cubic metals are inherently wavy. When the pole of 
the slip plane is obtained by plotting many traces, 
an area results. If this area falls in the vicinity of 

112} pole, then that plane is reported as the plane 

of slip (ef. Fig. 8). If the area falls in the region of 
123}, then this pole is generally reported to be the 
plane of slip (cf. Fig. 11). All of the past data have 
been reported generally with the understanding that 
measurements of the direction of wavy slip lines in- 
volve considerable error. Despite the fact that the 
microscopic appearance of slip traces must have rep- 
resented the movement of atomic planes, these 
traces usually cannot be resolved with the optical 
microscope and hence may represent the integrated 
effect of more than one slip plane. It is suspected 
that the behavior of two nonparallel {110} planes 
would not present an integrated (110; trace; but 
might, under certain conditions, represent a (112) 
trace or a {123}. For example, if one of the two 
active {110} planes is predominant, the resulting 
trace could be (112) 

In the determination of slip elements, it seems 
more conclusive to consider the alterations in the 
structure as evidenced by the formation of asterism 
as a result of plastic deformation. It is to be expected 
that asterism would more nearly represent the 
structural changes occurring during deformation and 
would be a more sensitive indication, since it need 
not represent a grossly integrated condition as may 
be the case with the observation of slip traces. 

In the present investigation, stereographic analy- 
sis of the asterism yields highly reproducible results 
Invariably the axis about which rotation has taken 
place to produce the asterism is in a (110} plane 
This points strongly to the condition that slip has 
occurred on planes of the type {110}, since the rota- 
tion of the slip plane toward the stress axis is about 
an axis in the slip plane and generally at right angles 
to the slip direction. The rotation axes determined 
in this maner were at right angles to 111 
directions 

It is interesting to note that Greninger stated in 
discussion to the paper by Barrett, Ansel, and Mehl 
that 

Is it not possible that traces corresponding approxi- 
mately with {112} or {123} are really composites of 
alternate slipping on two or more {110} planes? All of 
these planes contain <111> directions, and each {112} 
plane bisects the angle between {110} planes; likewise 
each {123} plane is located between a {110} and a 
{112} plane. Thus if slip were to proceed by approxi- 
mately equal minute displacements along both (110) 
and (011), the 
mate (121) trace; if the relative displacements were 
4:1 (instead of being equal) the ‘slip line’ would be 


slip line’ might appear as an approxi- 


approximately (231).” 
Recently Gouzou 
hypothesis that body-centered 
uniquely on (110) 111 


stated that the success of the 
cubic metals slip 
systems appears to favor 
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the conclusion that slip on less densely populated 
planes is spurious and is actually duplex slip on 
{110} <111> slip systems. 

It is not completely understood at the present 
time why specimens Mo-13, M-6, M-15 show the 
active slip planes to be {110} unequivocably, both 
from the analysis of slip lines and asterism, where- 
as M-12 and M-25 behaved differently. It may be 
that the influence of orientation, on the distribution 
of shear stress, produces a change in distribution so 
as to affect the rotations of the slip planes and hence 
the character of slip traces. 

It seems important to study carefully the forma- 
tion and character of the slip lines with increasing 
deformation and as a function of orientation. It is 
contemplated to continue the work along this ap- 
proach and to include careful investigations of other 
materials such at tungsten, niobium, and tantalum 
in an attempt to determine the parameters of plas- 
ticity of body-centered cubic metals 


Conclusions 

I1—It has been found that molybdenum single 
crystals slip on the planes {110} in the direction 

11l1> for the specimens investigated to date. 

2—An explanation for the participation of slip 
systems based upon temperature is held not tenable, 
at least in the case of molybdenum. 

3—An explanation based upon systems of highest 
resolved shear stress does not appear to be conclu- 
sive, since, in the present work and others cited, 
cases of disagreement are observed. 

4—An explanation based upon planes of highest 
atomic density, i.e., {110}, seems plausible to ex- 
plain in part the plastic behavior of molybdenum 
single crystals. 
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Southern Ohio Section Annual 
Meeting To Be Held Oct. 26-27 at Columbus 


The Southern Ohio Section of the National Open 
Hearth Committee will hold its annual meeting at the 
Deshler-Wallick Hotel, Columbus, Ohio, on Oct. 26 and 
27. Louis J. Alber will be the speaker at the dinner 
meeting, speaking on “Can Stalin Seize Europe and the 
Middle East?” Mr. Alber during the past summer in- 
vestigated the potential trouble spots on the Allies’ side 
of the Iron Curtain that extends from Northern Korea 
to Finland. He visited eastern Pakistan, India, western 
Pakistan, Afghanistan, Iran, Turkey, Yugoslavia, Aus- 


tria, Germany, and other European countries. In Iran 
and Turkey, he was the guest of the U. S. Military Mis- 
sion to the armies of those two countries. The most 
dangerous immediate areas will be found between 
Pakistan and Finland, since the present undeclared 
world war will be won or lost in those regions 

The technical sessions at the meeting cover operating 
conditions as well as practice and quality factors in 
open hearth operation. Details of the meeting are shown 
in the following program. 


THURSDAY, OCTOBER 25 | 


Program Committee Meeting 
Room 216 


FRIDAY, OCTOBER 26 


9:00 am, Parlor | 
Registration 


10:00 am, Hall of Mirrors 
Opening Remarks: 
Vernon W. Jones, Section Chairman 
OPERATING MEETING 


Safety in the Open Hearth: R. S. B. Holmes, director 
of training and safety, National Tube Co. 
Survey of Flush Practices: Richard W. Lewry, open 
hearth superintendent, Detroit Steel Corp. 
Economics of Scrap Preparation: Harlan W 
purchasing agent, Armco Steel Corp. 

Improving Furnace Availability by Scheduling of Re- 
builds: L. R. Astie, assistant general foreman of 
labor, brick and riggers depts., Jones & Laughlin 
Steel Corp 


Jarvis, 


1:00 to 2:00 pm 
Luncheon 


2:30 pm, Hall of Mirrors 


PRACTICE AND QUALITY SESSION 


Barnyard Economics: W. F. Johnston, supervisor of 
training, Armco Steel Corp. 

Conservation of Manganese: Donald E. Babcock, as- 
sistant chief metallurgist, Republic Steel Corp. 

Effect of Hot Metal Temperature on Proportioning of 
Heats and Production Rate: Stanleigh Elam, Sr., 
metallurgist, Armco Steel Corp 

Statistics as a Tool in Production and Quality Control 
in the Open Hearth: Frank G. Norris, statistical 
metallurgist, Wheeling Steel Corp. 

Some Factors Affecting Mold Life: Arthur P. Woods, 
research engineer, Armco Steel Corp. 


7:00 pm 
Dinner Meeting 


Toastmaster: Charles W. Cover, metallurgist, Armco 
Steel Corp. 


Speaker: Louis J. Alber, Can Stalin Seize Europe and 
the Middle East? 


SATURDAY, OCTOBER 27 


10:00 om— Plant Visit 
2:00 pm— Ohio State vs Iowa, Football Game 
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The second annual conference of professors of metal- 
lurgy sponsored by General Electric Co., to acquaint 
professors and GE executives with common problems 
in metallurgy research and application, was held at the 
Research Laboratory at Schenectady on August 22 to 
24. The three-day program consisted of lectures and 
plant visits. Tours were conducted through Knolls Re- 
search Laboratory, Schenectady Works Laboratory and 
Carboloy Dept., Schenectady Steel Foundry, and the 
Turbine Building 

The second day ended with a banquet at Adirondack 
Inn, at which Dr. R. F. Mehl, Head, Metallurgy Panel 
of the Research and Development Board, and Head, 
National Military Advisory Board of the National Re- 
search Council, spoke on “Metallurgy and Mobiliza- 
tion.” 

The last day of the conference was devoted to lec- 
tures by GE personnel and a round table discussion 
headed by Professor Carl Floe of MIT on the education 
and training of metallurgists. The conference officially 
closed with an informal talk by Dr. Zay Jeffries, after 
which the professors were free to revisit points of in- 
terest in the plants or obtain further information 

The GE planning committee serving under Chairman 
W. A. Reich were F. S. Gardner, E. E. George, C. B 
Gleason, J. H. Hollomon, J. P. Howe, R. E. Hunt, and 
T. W. Landig. Professors in attendance were J. A 
Berger, H. Brooks, G. J. Derge, J. E. Dorn, R. L. Dow- 
dell, R. W. Drier, F. J. Dunkerley, P. E. Duwez, E. J 
Eckel, C. T. Eddy, C. Floe, J. W. Fredrickson, M 
Gensamer, J. Koehler, N. M. Lazar, D. J. Mack, R 
Maddin, C. W. Mason, E. F. Nippes, E. A. Peretti, A 
Phillips, F. N. Rhines, T. Rosenqvist, P. C. Rosenthal, 
C. A. Siebert, M. Sinnott, A. J. Smith, J. W. Spretnak, 
R. S. Tour, H. A. Wilhelm, and O. Zmeskal 


GE Holds Second Annual 


Metallurgy Professors’ Conference 


Professors watch supercooling tests at Knolls Research 
Laboratory, GE. 


Streit to Speak on “Atlantic 
Union” at IMD Annual Meeting 


Clarence K. Streit, well-known author and lecturer, 
will be the speaker at the Institute of Metals Div., 
annual dinner Tuesday, October 16, at the Detroit- 
Leiand Hotel. Author of “Union Now,” Mr. Streit will 
speak on the “Atlantic Union.” The technical program 
of the meeting appeared in the August issue of JOURNAL 
or METALS, pp. 809 and 810 

One of the features of this year’s technical meeting 
is a seminar on “Dislocations in Metals,” to be held 
Monday afternoon and evening, October 15. It is the 
second in a series of such meetings planned by the 
IMD Program Committee. The first, held at the annual 
meeting in 1950 on “Solidification of Metals and Al- 
loys,” is now available in book form. Morris Cohen, 
vice-chairman of the Program Committee, arranged 
the present seminar, which will consist of three lectures 


EMC Holds Manpower Convocation 


A convocation of engineers, educators, and indus- 
trialists was held to discuss what must be done to main- 
tain and increase the national supply of engineers 
needed for civilian economy and the Armed Services 
The meeting in Stephen Foster Memorial Hall, Univer- 
sity of Pittsburgh, was sponsored by the Engineering 
Manpower Commission of Engineers Joint Council, and 
arranged by the Engineers’ Society of Western Penn- 
sylvania with its president, G. A. Shoemaker, as chair- 
man 

Representation from Pittsburgh included educators 
from both secondary schools and colleges, as well as 
representatives of industry and the engineering pro- 
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fession. Delegations of engineers from other areas 
throughout the country were also present to learn of 
the programs developed by EMC to combat the prob- 
lems created by the critical shortage of engineers 


Annual Award Inaugurated by MIED 


The AIME has established an award to be “given for 
distinguished contributions to the advancement of 
mineral industry education.” This award, it is planned, 
will be presented annually in recognition to men de- 
voting their careers to the all-important tasks of teach- 
ing, or to those who have made other contributions in 
the advancement of education in the various phases of 
the mineral industry 

To inaugurate and perpetuate this award, a committee 
has been named to raise necessary funds. Interested 
members, their companies, and friends of AIME are 
invited to contribute to the fund, the income from which 
will provide the award. Contributions should be made 
to the AIME, Mineral Industry Education Award, and 
sent to Institute headquarters. 


Symposium Published in Book Form 


“The Solidification of Metals and Alloys,” the report 
of a symposium held by the Institute of Metals Div., 
AIME, was published in July. It is a small bound 
volume of 73 pages, with a foreword by Cyril Stanley 
Smith. There are three chapters, each with discussion: 
The Nucleation of the Solid, by J. H. Hollomon and 
D. Turnbull; The Growth of Metal Crystals, by Robert 
F. Mehl; and The Solidification of Steel Ingots, by 
B. R. Queneau. The price of the book is $3, with the 
usual 30 pct discount to AIME members and Student 
Associates. 
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IMD Plans “Research In Progress” 
Symposium For Annual Meeting 


The Institute of Metals Div. is again planning a 
Research in Progress Symposium for the annual meet- 
ing to be held in New York during the week of Feb 
18, 1952. The Symposium will supplement the regular 
program, providing for presentation and discussion of 
recent technical progress. Participation in the pro- 
gram is arranged by submitting an abstract not ex- 
ceeding 200 words in length to Institute headquarters 
prior to Dec. 15, 1951. 

The abstracts will be published in the February 
issue of the JouRNAL or MetAts. Information presented 
at the Symposium may be submitted for publication as 
Technical Notes or as papers; and presentation of the 
information at the Symposium will not prejudice ac- 
ceptance of the material for publication in the Trans- 
actions 

In view of the success of earlier Research in Progress 
Symposiums, it is planned to make this a permanent 
feature of the Institute of Metals Div. programs 


General Electric Scientists To 
Lecture at Rensselaer Polytechnic 


Metallurgical and ceramics research scientists of the 
General Electric Co. will serve as adjunct professors 
and lecturers before graduate students in metallurgy 
at Rensselaer Polytechnic Institute. Dr. Wendell F. 
Hess, head of metallurgy at the Institute, termed the 
plan a significant forward step in developing the com- 
munity of interest between Rensselaer and the indus- 
trial research organizations of the upper Hudson. 

Four General Electric scientists will serve as an ad- 
visory committee of adjunct professors in organizing 
additional courses for day and evening graduate stu- 
dents. They are Drs. John H. Hollomon, John C. 
Fisher and David Turnbull and James D. Nisbet. Dr. 
R. L. Fullman has been appointed as a visiting lecturer 
at the Institute for the coming year. The new program 
will considerably increase the choice of courses avail- 
able to graduate students in metallurgy at the Institute 


troit 
Oct. 3-5, AIME, petroleum branch, fall meet- 


Oklahom: 
ing. Oklahoma City Oct. 18-19, Scientific 


fall meet- Assn., midyear meeting, industrial instru- - 
ment section, Seaview Country Club. Abse- military instrument sections, Hotel New 


Oct. 3-6, Pressed Metal Institute, 


Coming Events 


Oct. 1-4, Assn. of Iron & Steel Engineers, Oct. 15-19, American Society for Metals, Na- Nov. 
annual convention, Hotel Sherman, Chicago tional Metal Congress & Exposition, De- 


ACS to Hold Symposium on Nucleation 


A program on nucleation, dealing with phenomena 
important to such diverse fields as rain-making, steel 
manufacture, photography, and soil mechanics, will be 
held at Northwestern University, Chicago (Evanston), 
Ill., by the div. of industrial and engineering chemistry 
of the American Chemical Society, on Dec. 27 and 28, 
1951 
Sessions and their chairmen are: Theoretical Aspects, 
D. Turnbull, General Electric Co.; Nucleation from the 
Gas Phase, B. Vonnegut, General Electric Co.; Nuclea- 
tion from the Liquid Phase, V. K. LaMer, Columbia 
University: and Nucleation from the Solid Phase, R. F. 
Mehl, Carnegie Institute of Technology. 


Transactions Now on Sale 

Transactions volumes for the year 1951—to be issued 
early in 1952—will be sold at the same prices as for 
1949 and 1950. To AIME members who regularly re- 
ceive them, or who order them when they pay their 
1952 dues, the price will be $3.50 for the bound book. 
Otherwise the price to members is the non-member 
price of $7 less 30 pct, or $4.90. The usual three 
volumes will be published: No. 190, Mining Branch; 
No. 191, Metals Branch; and No. 192, Petroleum Branch. 
Each will consist of the Transactions material pub- 
lished in the respective journal during 1951, and 
nothing else except a title page and index. 

Microfilm reproductions of AIME journals, including 
the Transactions section, are available from University 
Microfilms, Ann Arbor, Mich. 


How About You? 


If either your address or position change you owe it 
to yourself and friends to let AIME headquarters know 
as soon as possible, a month before the change is made 
if you can give your future address accurately. Please 
follow these suggestions: (1) Give your name and the 
address to which publications and correspondence 
should be sent. Mark this: “Publications address.” 
(2) Give your name, title, or company position, and 
your address the way you want it to appear in the 
next Directory. Mark this: “Directory listing.” (3) A 
short personal item for publication will be appreciated. 

Send your advice, by posta! card or letter, to: AIME, 
29-W. 39 St., N. Y. 18. 


0, ASME, annual meeting, Chal- 
addon Hall, Atlantic City. 


fonte 


Nov. 28-30, Scientific Apparatus Makers 
Apparatus Makers Assn., midyear meeting, laboratory appa- 
ratus, optical, nautical, aeronautical, and 


Yorker, New York 


ing, Drake Hotel, Chicago 
con, N. J 
Oct. 8-13, Concrete Reinforcing Steel Insti- 
tute, fall meeting, Grove Park Inn, Ashe- @Qet. 18-20, National Assn. of Corrosion En Nov. 29, / , Buffalo Section, Open Hear 
ville, N. C neers, south central region, Corpus Christi, Committee, Statler Hotel, Buffalo, N. Y. 
Texas 
Dec. 2-5, American Institute of Chemical 


Oct. Electrochemical Society, autumn 
national convention, Hotel Statler, Detroit 


Oct. 10-11, AIME, Southwestern and Western 
Sections, Open Hearth Committee, joint 
meeting. Oct. 10, plant trip, Colorado Fuel 


Statler, Boston 


& Iron Co., Pueblo. Oct. 11, Broadmoor Oct. 22, AIME, Chicago Section, Open Hearth 
Committee, Phil Schmidt's, Chicago 


Hotel, Colorado Springs. 


. 10-12, 4 2.9 i. 
Oct. 10-12, Porcelain Enamel! Institute Ine Oct. 22-24, American Mining Congress, Metal symposium on nucleation, 


Oct. 19-20, Engineers’ 
sional Development, annual meeting, Hotel 


uy ngineers, annual meeting, Chalfonte-Had- 
Council for Profes- don Hall, Atlantic City. 


Dec. 6-8, AIME, Electric Furnace Conference, 
William Penn Hotel, Pittsburgh. 


dustrial and Engineering Chemistry 
Northwestern 


shop practices forum Deshler-Wallick and Nonmetallic Mining Convention, Bilt- University, Evanston, Chicago 


Hotel, Columbus, Ohio 
ae 
Oct. 11-12, Joint Fuels Conference, AIME Oct. 25-26, AIME, 


noke Hotel, Roanoke. Va 


Oct. 12, AIME, Eastern Section, Open Hearth Oct. 26-27, AIME, National Openhearth Com- 
Ohio Section, Deshler- Statler, New York 


Committee, Warwick Hotel, Philadelphia mittee, Southern 


Coal Division, ASME Fuel Section, Roa meeting, Los Angeles 


more Hotel, Los Angeles 


Jan. 16-18, 1952, Seciety of Plastic Engineers, 
ne., annual national technical conference, 
Edgewater Beach Hotel, Chicago 


Feb. 18-21, AIME, annual meeting, Hotel 


Wallick Hotel, Columbus, Ohio 


Oct. 12-14, Metal Treating Institute, annual 
meeting, Detroit. 

Oct. 15-17, AIME, Institute of Metals Div., City. 

fall meeting, Detroit-Leland Hotel, Detroit 


Oct. 29-Nov. 3, AIME, fall meeting, Mexico 


Nev. 2, AIME, Pittsburgh Local Section and 


Mar. 3-7, ASTM, spring meeting and com- 
mittee week, Hotel Statler, Cleveland 


Apr. 25-26, AIME, New England Regional 
Conference, Kenmore Hotel, Boston 


Oct. 15-18, Seciety for Non-Destructive Test- Open Hearth Local Section, annual off-the 


ing Inc., annual meeting, Hotel Detroiter, 
Detroit burgh. 


record meeting, William Penn Hotel, Pitts- June 23-27, ASTM, 50th anniversary meeting, 


Statler, New York 


Hotel 
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CHICAGO 1, 


A PARTNERSHIP 


165 WEST WACKER DRIVE 
METALLURGICAL 
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Specimen Mounts ever presented to 
ed ims new press is preheated 
Setting molds to one-third of the 
a ria) my ¢ontrolied heating units of 600 watt 
every effort devoted to designing — 
OF SPECIMEN PREPARATION EQUIPMENT INCLUDES . . . CUT-OFF MACHINES © SPECIMEN 
«POWER GRINDERS © DISC GRINDERS © HAND GRINDERS © BELT SURFACERS MECHANICAL 


ROBERT N. MERK 


Robert N. Merk has been named chief engineer of 
Sharon Steel Corp., Sharon, Pa. He had been super- 
intendent of the galvanizing and panel dept. of the 
H. H. Robertson Co., Ambridge, Pa. 


John P. Stitt has been named district sales manager in 
Cleveland for Brainard Steel Co. He was formerly the 
company’s representative in the Buffalo district. 


V. H. Ferguson has been elected president of the newly 
formed Ferguson Equipment Corp., Pittsburgh. He re- 
signed from the Loftus Engineering Corp. to direct the 
organization 


John T. Burwell, Jr. has been appointed assistant to 
the director of research, Horizons, Inc. He will make 
his headquarters in Cleveland 


B. K. Wickstrum has been elected vice-president and 
director of sales for Sylvania Electric Products, Inc 
Mr. Wickstrum has been general sales manager of the 
lighting div 


Joseph J. Calaman, Linde Air Products div., Union Car- 
bide & Carbon Corp., is now located at Newark, N. J 


John D. Mitilineos is now metallurgical engineer with 
Lucius Pitkins, Inc., New York. 


Eugene A. Eastman has accepted a position as metal- 
lurgical engineer with Jones & Laughlin Steel Co. in 
the research laboratory, Negaunee, Mich 

Robert John Matthews has been appointed mill testing 
engineer at the Consolidated Mining & Smelting Co., 
Tulsequah, B. C. 

P. L. Wright has been named sales manager of the 
Buffalo, N. Y. plant of Joseph T. Ryerson & Son, Inc 


Malcolm F. Parkman is now a research metallurgist for 
Combined Metals Reduction Co., Stockton, Utah 
William E. Knapp is a partner in American Metal- 
lurgical Products Co., Pittsburgh. 


Keith G. Wikle has joined the Brush Beryllium Co., 
Cleveland. 


Bhagwan M. Maniar has been employed by the Northern 
Peru Mining & Smelting Co. as a junior metallurgist 
at the Shorey mills in northern Peru 


W. L. Roller is chief engineer for the Daniels Engineer- 
ing Co., Hazleton, Pa. 


W. C. Newberg has been named president of the 


STITT 


V. H. FERGUSON 


Chrysler Corp.'s Dodge Div., Detroit. Mr. Newberg had 
been a vice-president of the division. 


Robert D. Merrick is now employed by the Standard 
Oil Development Co., Linden, N. J. 


Simon A. Prussin, formerly with Battelle Memorial 
Institute, has joined Austenal Laboratories, Inc., New 
York. 

James H. Jacobs has resigned as engineer in charge, 
manganese research, U. S. Bureau of Mines, Boulder 
City, Nev. He is now associated with Union Carbide & 
Carbon, research laboratories, Niagara Falls, N. Y. as 
research metallurgist 

Stanley F. Reiter is now connected with the General 
Electric Co., research laboratory, Schenectady. 

P. V. Martin has been appointed assistant vice-president 
of the Freyn engineer,ng dept. of the engineering and 
construction div., Koppers Co., Inc. 

John B. Hazle has been promoted to the position of 
general works manager of Interlake Iron Corp., Cleve- 
land. He had been general superintendent of the Toledo 
plant. 

W. H. Muloin is now employed as metallurgist by the 
Waite Amulet Mines Ltd., Noranda, Que 


H. E. Hornickel was named works superintendent of 
the American Steel & Wire Co.’s Donora zinc works, 
Donora, Pa. 


Martin L. Plass is with the American Smelting & Re 
fining Co., Tacoma, Wash 


Archie J. Cochrane is now assistant manager Chicago 
district, Youngstown Sheet & Tube Co., E. Chicago, Ind 


E. L. MeDuffee was appointed manager of the St. Louis 
district of the Detroit Steel Products Co 


Ralph Rathyen was promoted to assistant manager, 
crucible and refractories div., Joseph Dixon Crucible 
Co., Jersey City, N. J. He joined the division in 1939 


Henry M. O'Bryan has been appointed manager of the 
physics laboratories, Sylvania Electric Products, Inc., 
Bayside, N. Y. He had served as assistant executive 
secretary of the Research and Development Board, 
Washington, D. C. 

John P. Kelleher has been promoted to assistant sales 
manager, Chicago works, National Malleable & Steel 
Castings Co. 

(Continued on page 951) 
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DOUBLE DOOR 
Electric F URNACES 


r 


BILLET and BAR HEATING 


@ For — in your general forging operations, 
specify Harper Electric Furnaces. Illustrated are 
two versatile Harper Furnaces designed for billet es 
and bar of metals that require special 
atmospheres. Sliding doors at each end permit rat 

maximum working space. Ample power is sup- 
plied to the Globar* heating elements to give 
rapid heating of heavy charges resulting in max- 
imum production. 

Accuracy of temperature control giving im- 
proved workability of billets and bars for rolling 
and drawing is provided through correct appli- 
cation of temperature control instruments. Scale 
usually formed in heating is eliminated through 
accurate control of special atmospheres. 

*Reg. T. M. Carborundum Company 


Below: Harper Electric Forging Furnace 
Model HOU-121296, 90 KW. 


Harper Electric Forging Furnace Model HOU-12836-M-26, 
50 KiV. 


Double door forging furnaces of this general type are 
available in several sizes and we are equipped to build 
i continuous furnaces with atmosphere controls for spe- 
cae err ah cial operations. Write telling of your needs, statin 

type, size, weight of product and production 
firing cycle, available electric services and special char- 
acteristics and Harper Engineers will be glad to rec- 
ommend and quote on suitable equipment for you. 
OR, while at the METAL SHOW, visit BOOTH 
#C-204, Building C and Our Engineers will be glad to 
discuss your needs with you personally. 


HARPER ELECTRIC 
FURNACE CORP. BOOTH ¢-204 - BUILDING ¢ 


DEPT. 10, 39 RIVER STREET i. ge THE 
BUFFALO 2, N.Y. SHOW - DETROIT 
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James F. Ever- 
sole has been ap- 
pointed manager 
of research ad- 
ministration of 
Union Carbide & 
Carbon Corp. He 
has been super- 
intendent of 
Linde Air Prod- 
ucts Co.'s labora- 
tories at Tona- 
wanda, N. Y., 
since 1944 He 
will be in charge 
of coordination 
of all of the 
corporation's re- 
search activities, 
which cover ba- 
sic research and 
development on various alloys, chemicals, gases, car- 
bons, and plastics 


J. F. EVERSOLE 


Norman L. McClymonds, Sr. has joined P. R. Mallory 
& Co., Inc., Indianapolis, as engineer class B 


George Russell was elected treasurer of General Motors 
Corp., Detroit. He succeeds Meyer L. Prentis who is 
retiring after 40 years of service 


Ralph E. Jamison, associate physicist; Thomas K. 
Roche, metallurgy assistant; and Joseph F. Delaney, 
junior metallurgist have been appointed to the staff of 
the metallurgical div., Oak Ridge National Laboratory 


John H. Alden, who has been with the Aluminum Co 
of America for 28 years, has been appointed chief metal 
lurgist, fabricating div., Pittsburgh. He had served as 
assistant chief metallurgist 


Marvin Kay has been named vice-president and gen- 
eral manager, Climax Uranium Co. 


Raymond C. Machler has been appointed director of 
research and a member of the executive committee, 
Leeds & Northrup Co., Philadelphia. He succeeds I. Mel- 
ville Stein who was elected to the newly created post 
of executive vice-president 


Walter W. Edens has joined the Alloy Engineering & 
Casting Co., Champaign, IIl., as defense projects execu- 
tive and Thomas G. McNamara is now associated with 
the firm as chief metallurgist 


William B. Pierce has been elected a vice-president of 
Allegheny Ludlum Steel Corp., Pittsburgh. He had 
been technical director with responsibility for research 
and metallurgical activities 


L. W. Hanson has been appointed vice-president of 
Armco Drainage & Metal Products, Inc., and manager 
of the Calco div. of the company in Berkeley, Calif 


John Chipman has been awarded the Francis J. Clamer 
medal by the Franklin Institute. The medal will be 
given to him “in recognition of his contributions, as an 
individual and as a teacher, to the application of the 
theories of physical chemistry to steelmaking practice.” 


William S. Pellini was appointed to present the Ameri 
can Foundrymen’s Society exchange paper to the Inter 
national Foundry Congress held in Brussels, Belgium 


— Proposed for Meabership 


Total AIME membership on Aug. 31, 1951, was 17 in addition 


9511 Student Associates were enrolled 
ADMISSIONS COMMITTEE 


Thomas G. Moore, Chairman; Carrol! A. Garner, Vice-Chairman 
George B. Corless, F. W. Hanson, Albert J. Phillips, Lloyd C. Gib- 
son. R. D. Mollison, John T. Sherman. Alternates: A. C. Brinker, 
H. W. Hitzrot, Plato Malozemoff, Ivan Given, T. D. Jones, ani W 
A. Clark, Jr 


Institute members are urged to review this list as soon as the 
issue is received and immediately to wire the Secretary's office 
night message collect, if objection is offered to the admission of 
any applicant. Details of the objection should follow by mail. The 
Institute desires to extend its privileges to every person to whom 
it can be of service but does not desire to admit persons unless 
they are qualified. Objections must be received before the 30th of 
the month on Metals and Mining Branches 

In the following list C/S means change of status; R, reinstate 
ment; M, Member; J, Junior Member; Associate Member; S, 
Student Associate. 


Alabama 
Fairfield— Duncan, Ralph T. (M 


California 

La Canade— Ward, William V. (J) S--S-J 

San Francisco—Altshuler, Thomas J c S-—S-J 
ert L. (J) S-—S-J! 


Ballard, Rob 


Connecticut 
New Haven—Nowick, Arthur S. ‘J 
Woodbury—Cale, Norman H. (M 


Georgia 
Atlanta—Wilbanks, Jotin E. (M 


Hlinois 

Alton—Cogan, Al S. 

Chicago—-Barr, Williarn W. ‘A Block, Philip D 
Edward R., Jr. ‘A Kaminski, Edward W.. Jr 
Koeneman, Milton H. iM Purucker, Donald ‘J 
Evanston—Buckingham, Arthur W. (A 
Homewood—Gehring, Wilbur H. 


Indiana 
Whiting—Fahiberg, Ernest D 
S-J) 


R Willner, Elliott 


Massachusetts 
Worcester—Hall, Henry 


Michigan 
Detroit—Santoli, Patsy A. ‘J 
Sault Ste. Marie—Semple, James T. ‘J 


Metals Branch AIME 


St. Paul—Wilson, Richard W. (J) (R.C 


Nevada 
Tungsten—Trainor, Lawrence W. (J R.C 


New Mexico 
Hurley — Moreland, Omega N. (J) (R.C S—S-J 


New York 
Brooklyn—Nadler, Ronald A. S--S-J) 
Niagara Falls—-Servi, Italo S. (J) (R.C S-—S-J) 


Alliance--Green, Howard T. S—S-J 
Lakewood—-Flickinger, Charles H. 
Youngstown Peters, Norbert N. (J) 


Pennsylvania 

Bangor— Maitland, Robert H 
Beaver -Burrier, George M 
Duquesne—Burr, Wesley H. ‘J 
McKeesport— Kasberg Alvin 
Wilbur L., Jr. (J) (R.C S—S-J) 
Monaca— Winters, John F. (J) 
Philadeltphia—-Steijn, Roelof P. 
Phoenixville—Milos, John M. (M} 
Pittsburgh—Bish, Ronald E. 
Jr. tA) 


Mudge 


White, Herbert A 


Tennessee 
Oak Ridoe 
iM?) 


Barnett, James H. J) MeGurty, James A 


Washington 
Spokane—Stavish, Michael F. (J R 


Washington, D.C 
Washington—Hawley, Willard H., Jr 


Argentina 
Santa Fe--Diaz de Brito, Jose L. 


England 
London— Weber, Rolf D. 


Japan 
Tokvo—Iri, Tehiji (M) 


Mexico 
Mexico City--Hardy, John K 


Seuth Australia 
No. Watkerville— John, Glen O. R 


West Africa 
Gold Coast-—Scholtz, Johannes A M 


OCTOBER 1951, JOURNAL OF METALS—951 


| 
ka 
4 
4 
: 
be 
| 
| 
Minnesota 
4 
Mes 
| 
S-J) 
J) S-S-J) | 
S—S-J) 
(RC 
4 
c’S—Ss-J 
iJ) 
M) 
cs-s-J 


A BIG HIT 
EVERYWHERE 


IT 1S SHOWN 


... the Outstanding New 
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... and no wonder, for it introduces to metallographers 

so much that is completely new—-new simplicity of opera- 

tion. new convenience, new speed and accuracy. Everyone 
who sees the AO Metallograph takes the time to study it 

thoroughly, operate it, and become convinced that here is a 

radical advancement in the field of metals microscopy. 

SIT DOWN AND STAY SEATED. From start to finish every 
control, every operation, is at your fingertips. 

FOCUS QUICKLY, AUTOMATICALLY, ACCURATELY. Final focus- 
ing for photography is accomplished through the parfocal 
visual system. 

UNBELIEVABLE SPEED AND PRECISION in changing magnifi- 
cation, adjusting lamp, making exposure, taking notes. 
OTHER FEATURES: monocular or binocular bodies, revolv- 
ing objective turret. 2 lamps — visual and photographic, 
perfect are lamp performance with both AC and DC 

current, “autofocus” coarse adjustment stop. 

Every user of metallographic equipment should know this 

AO instrument. For your copy of our descriptive 12 page 

catalog, write Dept. y 182. 


American @ Optical 


INSTRUMENT DIVISION e BUFFALO 15, NEW YORK 


} | 
DESK-TYPE 
2 
| 
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Obituaries 


sintering plant. Mr. Riddle was responsible for many 
construction and operational improvements in the fur- 
naces and was author of numerous articles on furnace 
operation. 


Chester A. Fulton (Member 1907) a former president 
of AIME, died on Aug. 16, 1951. Mr. Fulton was born in 
Brooklyn, N. Y. on Dec. 18, 1883 and graduated with 
the degree of engineer of mines in 1906. After gradua- 


CHESTER A. FULTON 


tion he was employed by the Standard Smelting Co., 
Rapid City, S. D. as assayer and chemist. He then went 
to Mexico and joined the Peregrina Mining & Milling 
Co. working in various capacities from shift boss to 
mine superintendent. Some time was also spent in mine 
examination work in Taxco and Central America. In 
1914 Mr. Fulton went to Venezuela as superintendent 
of the Lo Increible mine. He then spent two years in 
Cuba working on copper mines and in 1918 was man- 
ager of the Davison Sulphur Co., Cienfuegos, Cuba. 
Returning to the United States, he was consulting engi- 
neer for the Davison Chemical Corp., Baltimore for 
seven vears. In 1928 he became vice-president of the 


graduated from the Colorado School of Mines in 1900. 
For several years he worked at various mines in the 
west as assayer and surveyor. In 1906 he joined the 
American Zinc Extraction Co., Leadville, Colo. as mill 


C. 8. J. Trench (Member 1945), editor and publisher of 
American Metal Market, died on Aug. 20, 1951. Born 
in New York, he attended Ridley College School at St. 
Catherine's, Ont. After a brief period in banking he 
joined Stewart Trench & Co., jobbers in tin plate and 
metals. In 1901 he became associated with C. S. Trench 
& Co., established by his father. He succeeded his 
father as president in 1929 and also became president 
and publisher of the paper. During World War I he 
served with the British War Mission in New York. Mr. 
Trench was the first president of the American Tin 
Trade Assn. and also served on various committees of 
the New York Metal Exchange and Commodity Ex- 
change. 


Ernest T. Croker (Member 1945) has died. Mr. Croker 
was born at Morris, Ill. in 1892. He joined the Con- 
tinental Foundry & Machine Co., East Chicago in 1917 
and remained with them. At the time of his death he 
was openhearth superintendent. 


RESOLUTION 


The Boston Section of the American Institute of Min- 
ing and Metallurgical Engineers hereby records its deep 
loss in the passing of Holcombe J. Brown, for many 
years one of its most valued members. His active in- 
terest in the affairs of the section as member, Chairman 
and committee member was outstanding. His service as 
representative of this district on the directorate of the 
parent organization was of such a high order that he 
was elected to serve for several years as Vice-President 
He took an active part in the Engineering Societies of 
New England and became presiding officer for one 
term. All of these activities stemmed from his member- 
ship in the local AIME section and his services brought 
dist.nction to this group. 

Above all we record the loss of a good friend who 
seldom missed a meeting and whose genial personality 
as well as verbal contributions helped to make the 


of Southern Phosphate Corp., Baltimore. He was made meetings interesting, valuable and attractive. 

p president in 1932 but retired in 1945. Mr. Fulton served Resolved that this expression of our appreciation and 
Ey on several committees of the Institute and in 1944 was loss be spread on our records and a copy sent to the 
i elected President. He also authored technical papers New York office of the AIME and to Mrs. Brown whose 
Te on the phosphate rock industry. sorrow and loss we share. 

- Carl Arthur Lemke (Member 1916) died on July 31 of George P. Swift 

ec a heart ailment. Born in Brooklyn, N. Y. in 1880, he Carle R. Hayward 


Resolutions Committee 


foreman and superintendent. He remained with this NECROLOGY 

firm for approximately six years and in 1912 became 

associated with the U. S. Smelting Refining & Mining Date Date of 
hk Co. He was assistant superintendent in charge of con- Elected Name Death 
centrator and then became superintendent of the mill. 1914 L. Douglass Anderson Unknown 
Mr. Lemke moved to Midvale as superintendent of the 1923 J. P. Bickel Aug. 22, 1951 
4 smelter. He was associated with the firm for 22 vears 1912 Holcombe J. Brown Unknown 
: Later he joined the Potash Co. of America but retired 

about 10 years ago because of ill health. 1907 Chester A. Fulton Aug. 16. 1951 
3 Lawrence Edward Riddle (Member 1940) died on Aug 1913 Wilber Judson Aug. 8, 1951 
; 9, 1951. Mr. Riddle was retired general superintendent 1916 C. A. Lemke July 31, 1951 
i of the U. S. Steel Corp.’s blast furnaces at Duquesne 1944 William H. Munds Unknown 

and Etna. He was born at Pittsburgh on Dec. 16, 1876 1928 Thomas Murphy Unknown 
; and began work in the steel industry as an apprentice 1944 Morton T. Pawel Unknown 
chemist. He held various positions as chemist, blastman, 1940 Lawrence E. Riddle Aug. 9, 1951 

blower, general foreman, and in 1913 was named gen- 1919 A. M. Strong July 14, 1951 

eral superintendent of the Isabella furnaces and super- 1945 C.S. J. Trench Aug. 20, 1951 

intendent, blast furnaces, Duquesne steel works and 1920 Walter B. Wilson May 21, 1951 
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help HOOVER to cut die- 
casting costs by efficient 
melting and pumping of Aluminum 


CASE HISTORY & 


COMPANY: The Hoover Company, Kingston- 
Conley Division, Cambridge, Ohio, plant. 
PROBLEM: To conserve scarce copper supply by 
use of aluminum as a substitute. 

To cut die-casting costs in the manufacture of 
squirrel cage induction motor rotors without 
sacrificing performance characteristics. 


SOLUTION: Installation of the 
LOEWY-HYDROPRESS die - 
casting system, in which several 
sizes with various end ring de- 
signs are made in same die by 
simple change of inserts. AJAX 
INDUCTION FURNACE AND 
ELECTROMAGNETIC PUMP 
used to melt and pump high- 
purity aluminum. Low fre- 
quency induction principle with 
precise controls keeps metal at 
constant temperature. Automatic 
electromagnetic pump discharges 
exact amount needed to fill die, 
eliminating hand ladling. 


Fig. 1 shows nozzle of RESULTS: Combined melting and die-casting set- 
diecheraina matel ith up so excellent that the H ver plant conv erted 
cold chamber of die- completely to aluminum die-cast type within 
casting machine 2% months. 
2 shows AJAX melting furnace and elec- 

nagnetic pump installed in front of die- 
casting machine 
Fig. 3 shows Hoover squirrel cage aluminum 
cast rotor 


AJ 


a! 
TAMA-WYATT — 
AJAX ELECTROTHERMIC CORP... hom ah Freq tu 
v AJAX ELECTRIC CO., [he Ane Sat 
AJAX ELECTRIC FURNACE CORP., 


AX ENGINEERING CORP., TRENTON 7, N. J. 


INDUCTION MELTING FURNACE 


AJAX ELECTRO METALIURGICAL CORP., and Associated Compames 
High Frequency ind. 


a 
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**For the want of a nail the shoe was lost, 
For the want of a shoe the horse was lost, 
For the want ofa horse the rider was lost. 
kor the want of a rider the battle was lost, 
kor the want of a battle the Kingdom was lost... 


nail” 


BENJAMIN FRANKLIN, “Poor Richard 


The fate of nations often hangs on little things. Take this rusty 
old nail. It symbolizes thousands of tons of worn-out machines 
and brokea parts lying useless in our plants, factories, 

farms, and homes— serap steel desperately needed today 


by our steel mills. 


You can help make this nail, and all the other serap you ec: 


collect, go to work again... in new steel for ships, tanks, 


and guns required for defense purposes. 


So survey your plant now for every last bit of scrap. 

Then get it to your scrap dealer promptly. This will 

not only help assure the nation of the arms needed to preserve 
our freedom. but it will also mean more steel 


for your own products tomorrow, 


ELECTRO METALLURGICAL COMPANY, a Division of Union Carbide and Carbon Corporation. 
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Electric Furnace Steel Conference 
Pittsourgn 
December 6, 7, 8, 1951 


The best audience—engineers, superintendents, melters, metallurgists, 
and executives—of steel plants and foundries producing electric furnace 
steel, will attend this technical meeting to find out WHAT IS NEW 


technologically in this steelmaking process 


Journat or Metats will reach every registrant at the meeting in 
addition to its regular subscribers, and will carry advance technical data 


that will be presented at the meeting 


JouRNAL or Mevacs will carry the Official Conference Program. 


Reach these men who buy, specify and influence the purchase of your 
products in electric furnace plants. Advertise in the ELECTRIC FUR- 
NACE CONFERENCE ISSUE, December, of JournaL or Merats 


Write or wire for space reservations now Plates for advertisements 


for this issue must be in New York by November 5, 195] 


JOURNAL OF METALS 


29 West 39th Street e New York 18, N. Y. 
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FREYN DESIGN 
To 


DESIGN 


PERSONNEL 


METALLURGICAL PLANT DESIGN AND CONSTRUCTION 


Freyn Engineering 


. 4 DEPARTMENT OF KOPPERS COMPANY, INC. 
109 NORTH WABASH AVENUE - CHICAGO 2, U.S.A. Associated with Tos, 
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hur Recirculating Furnaces 


Butt Weld Furnaces 


Car Bottom Furnaces 


Charging Discharging, Equipment 


Cinder Notch Stoppers 
Curculat Soaking Pits 
Clam Shell Buckets 


Clay Guns 
Coke Testing Tumbling Barrels 


Furnaces 


Forging Manipulators 
—_ 
Goggle Valves 
Heat Treating Furnaces 


Weedle Metallic Recuperators 


Youthful leadership 


plus 
long experience 


The recent merger of Edgar E. Brosius Co., Inc. 
and Salem Engineering Company now offers 
the metals industry a keen new combination of 
youthful leadership backed by long experience 
in design and manufacture. Whether your 
needs include Circular Soaking Pits, Goggle 

Valves, Forging Manipulators, Rotary Hearth 
Furnaces, or a host of other furnaces and items 
of ferrous and non-ferrous mill equipment, you 
can call on this new combine with confidence. 
You can expect from Salem-Brosius, its Divi- 
sions and affiliates, greater depth of enginee ring 
skill to assist you in your expansion program. 


SALEM-BROSIUS, ic. 


Affiliates: Brosius 15, Pax ‘Salem Division, Salem, Ohio; 
Salem Engineering Co., Ltd., Milford ar. Derby, England; Salem Engineering (Canada) Toronto, Canada 
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